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ABSTRACT
Brummer, James, M. S. ,  March 1978 Chemistry
Ki net i cs and Mechanism of  the Oxidat ion of  Ferrous- Ion by 
lodate in a Strong Perchl or i c Acid Medium
Di r ect or :  Richard J.  Fi e l d 'S
The oxi dat i on of  F e ( I I )  by IO3" in a strong perchl or i c acid 
medium proceeds according to the f ol l owi ng overal l  st oi chi omet ry:
10 F e ( I I )  + 21O3" + 12H+ -------- ^  I Q F e ( I I I )  + Ig + 6H^0
Our study was car r i ed out  at  30. 0 +_ 0.2°C and at  an i oni c st rength
of  1.5 M. The react i on is aut oca t a l y t i c  in the product ion of  
i odi ne.  Experiments i nvol vi ng continuous ext ract i on of  i odine  
from the r eact i on medium i nt o an i ne r t  carbon t e t r ach l or i de  l ayer  
el i mi nated t h i s  aut ocat al ysi s .  Under condi t ions in which auto­
cat a l ys i s  is suppressed,  the rat e  of  oxi dat i on (R) obeys the 
fol l owi ng expression:
R = 1.05 + .07 X 10"3 M"^ sec"’ (H+) ( F e ( I I ) )  ( l Oj " )
This r at e  law only holds f or  acid concent rat ions between -556 M
and 1.44 M. Experiments were also performed for  react i on
systems in which product iodine was al lowed to accumulate.  These 
data are much more complex.
A mechanism is proposed to expl ai n the experimental  data.  For 
experiments in which iodine is ext racted from the react i on medium 
the rat e l i mi t i n g  process is an el ect ron t ransf er  from F e ( I I )  to 
the species producing water ,  F e ( I I I ) ,  and IO2 . This step
is preceded by successive protonat ions of  IO3" and is fol l owed  
by a ser i es of  rapid one-el ect ron oxi dat i ons of  F e ( I I )  by 
oxyiodine intermedi ates ( I O2 , HOIO, 10, HOI) leading to i odi ne.
I f  i odi ne is not  ext racted from the react i on mi xture,  auto­
ca t a l ys i s  w i l l  be i n i t i a t e d  through the hydrolysis equi l i br i um  
of  i odi ne wi th i odi de and hypoiodous acid (HOI ) .  The iodi de  
so generated reacts r api dl y  wi th IO3" producing iodous acid 
(HOIO) and more hypoiodous acid.  The HOI and HOIO then react  
wi th F e ( I I )  to produce iodine.
Numerical  sol ut i on of  the system of  d i f f e r e n t i a l  equat ions 
r esul t i ng from the proposed mechanism reproduced a l l  exper imental  
f act s.
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CHAPTER I
INTRODUCTION
A. STATEMENT OF PROBLEM AND PURPOSE
The o x i d a t i o n  o f  F e ( I I )  by 10^ i n s t r o n g  p e r c h l o r i c  
a c i d  medi a  p r o c e e d s  a c c o r d i n g  t o  t h e  s t o i c h i o m e t r y  o f  
e q u a t i o n  ( 1 ) .
( 1 )  5 F e ( I I )  + I O 3 '  + 6 H"̂  ----------- 5 F e ( I I I )  + + 3HgO
P e r c h l o r a t e  i s  t h e  a n i o n  o f  c h o i c e  i n  k i n e t i c  s t u d i e s  o f  
i n o r g a n i c  s o l u t i o n  phase r e a c t i o n s  b e c a u s e  o f  i t s  k i n e t i c  
i n e r t n e s s  as w e l l  as i t s  r e l u c t a n c e  t o c ompl e x  w i t h  
m e t a l l i c  c a t i o n s .  R e a c t i o n  ( 1 )  p r o c e e d s  r a p i d l y  t o  
c o m p l e t i o n  a t  2 5 ° C , w i t h  a Gi bbs  F r e e  E n e r g y  change  o f  
- 5 1 . 0  K c a l .  The r e a c t i o n  i s  a u t o c a t a l y t i c  i n t h e  
p r o d u c t i o n  o f  i o d i n e .
L i t t l e  wor k  has been d e v o t e d  t o t h e  k i n e t i c  s t u d y  
o f  r e a c t i o n  ( 1 ) d e s p i t e  i t s  p o t e n t i a l  as a s o u r c e  o f  
i n f o r m a t i o n  on o x y i o d i n e  c h e m i s t r y .  M i t z n e r ,  F i s c h e r ,  
and Leupol d^ r e c e n t l y  i n v e s t i g a t e d  i t s  k i n e t i c s  and 
d e t e r m i n e d  a r a t e  l aw f r om wh i c h  t h e y  p r o p o s e d  a mechani sm  
f o r  t h e  r e a c t i o n .  For  r e a s o n s  t o be o u t l i n e d  l a t e r  i n  
t h i s  a c c o u n t ,  t h e i r  c o n c l u s i o n s  a r e  l i k e l y  t o be 
e r r o n e o u s .  We t h e r e f o r e  have embar ked on a s i m i l a r  s t u d y .  
The g o a l s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  a r e  t o d e t e r m i n e
1
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a r a t e  l aw wh i c h  d e s c r i b e s  t h e  r a t e  o f  r e a c t i o n  ( 1 ) ,  
d e r i v e  a mechani sm c o n s i s t e n t  w i t h  t h i s  r a t e  l aw and 
a l l  o t h e r  e x p e r i m e n t a l  f a c t s , and f i n a l l y  d e t e r m i n e  
r a t e  c o n s t a n t s  f o r  e l e m e n t a r y  p r o c e s s e s  i n v o l v i n g  u n s t a b l e  
o x y i o d i n e  compounds.  I n a more g e n e r a l  s e n s e ,  an u n d e r ­
s t a n d i n g  o f  t he  k i n e t i c s  o f  p r o c e s s  ( 1 ) w i l l  l e a d  t o  a 
b e t t e r  u n d e r s t a n d i n g  o f  o t h e r  r e a c t i o n  syst ems i n v o l v i n g  
o x y i o d i n e  compounds,  e s p e c i a l l y  t h e  o s c i l l a t i n g  B r a y -  
L i e b h a f s k y  R e a c t i o n .
B. LI TERATURE SURVEY
Of  t h e  c h e m i s t r y  o f  o x y h a l o g e n  c ompounds , p r o b a b l y  
t h e  l e a s t  i s  known a b o u t  o x y i o d i n e  c h e m i s t r y .  The l i t e r ­
a t u r e  c o n t a i n s  f ew s t u d i e s  o f  r e a c t i o n s  whose mechani sms  
c o n t a i n  e l e m e n t a r y  p r o c e s s e s  i n v o l v i n g  o x y i o d i n e  s p e c i e s .  
The more n o t a b l e  r e a c t i o n  s y s t e ms  o f  t h i s  t y p e  a r e :  The  
Dushman R e a c t i o n ,  i o d a t e - i o d i n e  i s o t o p i c  e x c h a n g e ,  
i o d i n e  h y d r o l y s i s ,  and t h e  r e d u c t i o n  o f  i o d a t e  by hy d r o ge n  
p e r o x i d e .  In a d d i t i o n ,  t h e  B r a y - L i e b h a f s k y  r e a c t i o n ,  
wh i c h  i s  a homogeneous c h e m i c a l  o s c i l l a t o r ,  i n v o l v e s  
o x y i o d i n e  c h e m i s t r y .  Some o r  a l l  o f  t h e s e  syst ems may 
e x h i b i t  common k i n e t i c  f e a t u r e s  w i t h  r e a c t i o n  ( 1 ) .  A 
c o n s i d e r a t i o n  o f  t h e i r  k i n e t i c s  may b e n e f i t  t he  p r e s e n t  
s t u d y .  T h i s  s e c t i o n  s umma r i z e s  p a s t  wor k  c o n c e r n i n g  
t h e s e  o x y i o d i n e  r e a c t i o n  s y s t e m s .  The s u r v e y  i l l u s t r a t e s
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t h e  c ompl e x  n a t u r e  o f  o x y i o d i n e  c h e m i s t r y  and t he  
c o n s e q u e n t  need f o r  r e s e a r c h  i n t o  i t s  u n d e r s t a n d i n g .
1 . I o d i n e  H y d r o l y s i s
H y d r o l y s i s  o f  e l e m e n t a r y  i o d i n e  p r o c e e d s  by e q u a t i o n
( 2 ) .
k +
( 2 )  I g ( a q )  + H^O I ( a q )  + HOI ( a q )  + H ( a q )
t
k and k a r e  r a t e  c o n s t a n t s  f o r  t h e  f o r w a r d  and r e v e r s e
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r e a c t i o n s .  A l l e n  and K e e f e r  d e t e r m i n e d  t he  h y d r o l y s i s
-13 Pe q u i l i b r i u m  c o n s t a n t  t o  be 4 . 3  x 10 M a t  2 0 ° C .  I o d i n e  
h y d r o l y s i s  i s  p r o b a b l y  t h e  b e s t  u n d e r s t o o d  r e a c t i o n  
c o n s i d e r e d  i n  t h i s  s u r v e y .  I t s  k i n e t i c s  wer e  r e c e n t l y
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e x p l o r e d  by E i g e n  and K u s t i n  u s i n g  a t e m p e r a t u r e  j ump
r e l a x a t i o n  t e c h n i q u e .  They  f ound  t h e  r a t e  c o n s t a n t  k
t o be 2 . 1  s e c w h i l e  k was d e t e r m i n e d  to be 3 . 0  x 10^^^
-  2 — 1M" sec . Bot h r a t e  c o n s t a n t s  wer e  measur ed a t  2 0°C 
and an i o n i c  s t r e n g t h  o f  0 . 1  M. E i g e n  and K u s t i n  
pr o p o s e  t h e  scheme i n  e q u a t i o n  ( 3 )  t o e x p l a i n  t h e  
hyd r o 1 y s i s .
( 3 )  Ig  ( a q )  + HgO I g O h T f a q )  + H ' ^ ( a q )
H O I ( a q ) + H ^ ( a q )  + I ” ( a q )
S i n c e  h y d r o l y s i s  i s  c a p a b l e  o f  s c a v e n g i n g  i o d i d e  and 
h y p o i o d o u s  a c i d  i n aqueous medi a  t o p r o d u c e  i o d i n e ,  i t  
s h o u l d  be c o n s i d e r e d  i n any m e c h a n i s t i c  d e s c r i p t i o n  o f  
s y s t e ms  i n v o l v i n g  o x y i o d i n e  c h e m i s t r y .
2.  R e d u c t i o n  o f  l o d a t e  by Hydr ogen P e r o x i d e
L i e b h a f s k y ^  has s t u d i e d  t h e  r e d u c t i o n  o f  i o d a t e  by 
h y d r o ge n  p e r o x i d e  ( e q u a t i o n  ( 4 ) )  w h i l e  p r e v e n t i n g  com­
p l i c a t i n g  s i d e  r e a c t i o n s  by r e mo v i n g  p r o d u c t  i o d i n e  f r om  
t h e  r e a c t i o n  medium as soon as i t  i s  f o r me d .
( 4 )  2 10 ^ " ( a q ) + 2 H ^ ( a q )  + BH^O^Caq)  ^   ^ I 2 ( a q ) +
6 H 2 O + 5 0 2 ( g )
E x t r a c t i o n  o f  i o d i n e  f r om t h e  aqueous  r e a c t i o n  medium 
i n t o  c a r b o n  t e t r a c h l o r i d e  s u p p r e s s e s  i t s  r e a c t i o n  w i t h  
h y d r o ge n  p e r o x i d e  ( e q u a t i o n  ( 5 ) )  and so s i m p l i f i e s  t he  
k i n e t i c s  o f  r e a c t i o n  ( 4 ) .
(5) Ig (aq ) + SHgOgfaq) ^ 2I0g" (aq ) + 2H"^(aq ) + 4HgO
L i e b h a f s k y  f ound a r a t e  l a w o f  t h e  f o l l o w i n g  f or m f o r  
p r o c è s  s ( 4 ) :
6 ( I ? )  ̂ .
(6) = [4 . 3  X 10'° + 2.15 X 10"^ (H )] ( lOg" ) (HOOH)
whe r e  t h e  r a t e  c o n s t a n t s  a r e  r e p o r t e d  f o r  5 0 ° C .  The 
a u t h o r  a l s o  r e p o r t s  an i n d u c t i o n  p e r i o d  o f  a f ew mi n u t e s  
b e f o r e  a t t a i n m e n t  o f  t h e  f u l l  r a t e .
R e a c t i o n  ( 4 )  i s  b e l i e v e d  t o  be i n i t i a t e d  by e i t h e r  
o f  two r a t e  l i m i t i n g  s t e p s .  S t e p  ( 7 )  l e a d s  t o t h e  second  
o r d e r  t e r m o f  t h e  o b s e r v e d  r a t e  l a w ,  and s t e p  ( 8 )  l e a d s  
t o  t h e  t h i r d  o r d e r  t e r m .
( 7 )  l Og ( a q )  + HOOH( a q )  ^ I O 2 " ( a q ) + H2 O + Og ( a q )
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( 8 )  1 0 ^ '  ( a q )  + HOOH( aq)  + H' ^(aq)    H l C ^ f a q )  +
HgO + 0 2 ( 9 )
The mechani sm i s  c o mp l e t e d  by t h e  s e r i e s  o f  s t e p s  ( 9 )  
t h r o u g h  ( 1 2 ) ,  l e a d i n g  t o  t he  n e t  c h e mi c a l  change  o f  
pr oc  e S3 ( 4 ) .
( 9 )  H' ^(aq)  + l Og"  ( a q )  ^ H l O g f a q )
( 1 0 )  H l O g f a q )  + H' ^(aq)  + l ‘ ( a q )  2 H 0 I ( a q )
( 1 1 )  HOI ( a q )  + HOOH( aq)  ^  I "  ( aq ) + H' ^(aq)  +
H2 O + 8 2 ( 9 )
( 1 2 )  H O I ( a q )  + l " ( a q )  + H"^(aq) ^  ^  H2 O + I g ( aq )
S t e p  ( 1 2 ) ,  t h e  i o d i n e  h y d r o l y s i s  e q u i l i b r i u m ,  i s  t h e
p r o c e s s  p o s t u l a t e d  t o  l e a d  to i o d i n e  p r o d u c t i o n .  The
i n d u c t i o n  p e r i o d  a s s o c i a t e d  w i t h  r e a c t i o n  c a n n o t  be
e x p l a i n e d  by L i e b h a f s k y ' s  Mechani sm i n t h a t  o n l y  t h e
—  +p r i n c i p a l  r e a c t a n t s  HOOH, 1 0 ^ " ,  and H a r e  i n v o l v e d  i n  
t h e  r a t e  l i m i t i n g  s t e p s .  I t  i s  l i k e l y  t h a t  t h e  r a t e  
l i m i t i n g  p r o c e s s  s h o u l d  i n v o l v e  an i n t e r m e d i a t e  s p e c i e s ,  
w i t h  r e a c t i o n  becomi ng n o t i c e a b l e  o n l y  a f t e r  t h i s  i n t e r ­
m e d i a t e s  c o n c e n t r a t i o n  has b u i l t  up t o a c r i t i c a l  v a l u e .
L i e b h a f s k y ' s  Mechani sm f o r  r e a c t i o n  ( 4 )  has no p a t h  
i n i t  f o r  p r o d u c i n g  i o d i d e - i o n .  I t  may be t h i s  i n t e r ­
m e d i a t e ' s  c o n c e n t r a t i o n  whose v a l u e  must  r e a c h  a c r i t i c a l  
v a l u e  b e f o r e  r e a c t i o n  becomes n o t i c e a b l e .  I t  i s  i m p o s s i b l e  
t o  e x t r a c t  a l l  o f  t h e  i o d i n e  p r o d u c e d  f r o m t h e  r e a c t i o n  
m i x t u r e .  We s u g g e s t  t h a t  i t  i s  i o d i n e  a c c u m u l a t i o n  i n
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t h e  aqueous  r e a c t i o n  medi um wh i c h  c a us e s  t he  o b s e r v e d  
i n d u c t i o n  p e r i o d .  As r e a c t i o n  ( 4 )  p r o g r e s s e s ,  more and 
more i o d i n e  a c c u m u l a t e s  i n t h e  r e a c t i o n  m i x t u r e ,  wh i c h  i n 
t u r n  l e a d s  t o  h i g h e r  and h i g h e r  c o n c e n t r a t i o n s  o f  i o d i d e -  
i on t h r o u g h  t h e  r e v e r s e  o f  r e a c t i o n  ( 1 2 ) .  Once t h e  
i o d i d e - i o n  c o n c e n t r a t i o n  b u i l d s  up t o a c r i t i c a l  v a l u e ,  
t he  r a t e  o f  r e a c t i o n  ( 4 )  becomes n o t i c e a b l e .
3.  Dushman R e a c t i o n
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The Dushman R e a c t i o n  has been t h e  s u b j e c t  o f  
e x t e n s i v e  s t u d y  o v e r  t h e  l a s t  75 y e a r s .  C o n t r o v e r s y  s t i l l  
s u r r o u n d s  i t s  k i n e t i c s  w i t h  no g e n e r a l  a g r e e me n t  as t o  i t s  
r a t e  l aw or  mechani sm.  The s t o i c h i o m e t r y  o f  t h i s  r e a c t i o n  
i s  r e p r o d u c e d  i n  e q u a t i o n  ( 1 3 ) .
( 1 3 )  l O g " ( a q ) + 5 I " ( a q )  + 6 H ^ ( a q )  ---------^  31 g ( a q ) + 3 H2 O
Ra t e  l aws o f  t h e  f o u r t h ,  f i f t h ,  and s i x t h  o r d e r s  have
been pr op os e d  t o  d e s c r i b e  t h e  k i n e t i c s  o f  p r o c e s s  ( 1 3 ) .
T h i s  s e c t i o n  i s  a summary o f  t he  l i t e r a t u r e  c o n c e r n i n g
t h e  k i n e t i c s  o f  t h e  Dushman R e a c t i o n .
I n 1928  Abel  and Hi  1 f e r d i n g ^  f ou nd  t h a t  a t  i o d i d e
_ 4
c o n c e n t r a t i o n s  g r e a t e r  t h a n  10 M t h e  r a t e  e x p r e s s i o n  
f o r  t h e  Dushman R e a c t i o n  i s  o f  t h e  f o r m:
6 ( l O n )  _ o
0  4)-— ^ —  = k d O g ’ ) ( I - ) Z (H
_ O
w h i l e  a t  i o d i d e  c o n c e n t r a t i o n s  l e s s  t h a n  1 0 " M i t  
become s :
6 ( 1 0 , ’ ) + ?
( 1 5  ) ----------------------- = k'  ( I O 3 - )  ( I  ) ( H+) ^
A b e l ,  e t ,  a l . ,  r e p o r t  k and k ' t o  be 4 . 0 5  x 10^ M' ^  sec  
and 1 . 3  x 10^ M s e c r e s p e c t i v e l y  a t  2 5 ° C .  Under  t h e  
f o r m e r  c o n d i t i o n s  t h e  i n v e s t i g a t o r s  s u g g e s t  e q u a t i o n
( 1 6 )  as a r a t e  d e t e r m i n i n g  s t e p  o f  r e a c t i o n .
( 1 6 )  l Og"  ( a q )  + 21"  ( a q )  + 2H"^(aq)  ---------^  2H0 I  ( a q )  +
1 0 " ( a q )
At  l o w e r  i o d i d e  c o n c e n t r a t i o n s  t h e  r a t e  l i m i t i n g  s t e p  i s  
b e l i e v e d  t o  be:
( 1 7 )  I O g " ( a q )  + I "  ( a q )  + 2H"^(aq)------ ---------^ HOI ( a q )  + H OI O( a q )
The s e  r a t e  l i m i t i n g  s t e p s  a r e  f o l l o w e d  by a s u c c e s s i o n  o f
f a s t  p r o c e s s e s  l e a d i n g  to i o d i n e  and w a t e r .
Mo r g a n ,  P e a r d ,  and C u l l i s ^  r e e x a m i n e d  t h e  mechani sm 
o f  t h e  Dushman R e a c t i o n  a s s umi ng  t h e  r a t e  l aw f ound  by 
Abel  and H i l f e r d i n g  t o  be c o r r e c t .  T h e i r  r e i n t e r p r e t a t i o n
a t t e m p t s  t o  e x p l a i n  t h e  r a t e  l aw i n t e r ms  o f  a s e r i e s  o f
e l e m e n t a r y  s t e p s  each o f  wh i c h  i n v o l v e s  a s t r u c t u r a l  
c ha nge  o f  a s i m p l e  n a t u r e ,  and t h e r e f o r e  a l ow e n t r o p y  o f  
a c t i v a t i o n .  T h e i r  mechani sm c o n s i s t s  o f  an i n i t i a l  e q u i ­
l i b r i u m  be t we e n  10^"  and 1 0 2 ^ ( e q u a t i o n  ( 1 8 ) ) .  T h i s  
i n i t i a l  e q u i l i b r i u m  i s  f o l l o w e d  by two p o s s i b l e  r a t e  
l i m i t i n g  s t e p s ,  e i t h e r  e q u a t i o n  ( 1 9 )  o r  ( 2 0 ) .  S t e p  ( 1 9 )  
c o r r e s p o n d s  t o  t h e  pa t h  d o m i n a n t  a t  l ow i o d i d e  c o n c e n ­
t r a t i o n  and g i v e s  r i s e  t o r a t e  l a w ( 1 5 ) ,  w h i l e  s t e p  ( 2 0 )
8
c o r r e s p o n d s  t o  t h e  pa t h  d o mi n a n t  a t  h i g h  i o d i d e  c o n c e n ­
t r a t i o n  and g i v e s  r i s e  t o  r a t e  l aw ( 1 4 ) .
( 1 8 )  10^"  ( a q )  + 2H' * ' (aq)  —- \  I 0 2 "^(aq)  + H^O
( 1 9 )  lOg'"' ( aq ) + I " ( a q )  ---------  ̂ l O ’̂ ( a q )  + 1 0 " ( aq ) ( l o w  ( I ” ) )
( 2 0 ) 10 ^ ^ ( a q ) + 2 I ” ( a q ) ---------------- ^ I ^ ( a q ) + 2 I 0 ~ ( a q )
( h i g h  ( I ” ) )
I t  i s  c u r i o u s  t h a t  s t e p  ( 2 0 )  i s  t e r m o 1 ecu 1 a r  and must  
t h e r e f o r e  have a h i gh  e n t r o p y  o f  a c t i v a t i o n .  N e v e r t h e l e s s ,  
t h i s  mechani sm r e p r o d u c e s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  r a t e  
l aw o f  Abe l  and H i l f e r d i n g .
o
My e r s  and Kennedy have i n v e s t i g a t e d  t h e  k i n e t i c s  
o f  t h e  e x c h a n g e  o f  i o d i n e  at oms be t ween m o l e c u l a r  i o d i n e  
and i o d a t e  i n a c i d  s o l u t i o n  ( e q u a t i o n  ( 2 1 ) ) .
( 2 1 )  1 - 1 ^ 3 1 ( a q )  + l O g ' ( a q )  ^ I - I ( a q )  + I ^ 3 1 o ^ - ( a q )
The r a t e  o f  ex c ha nge  was m o n i t o r e d  by f o l l o w i n g  t h e  r a t e  
o f  d i s a p p e a r a n c e  o f  r a d i o a c t i v e  i o d i n e  131 at oms f r om  
i n i t i a l l y  l a b e l l e d  m o l e c u l a r  i o d i n e .  The a u t h o r s  f i r s t  
d e t e r m i n e d  a r a t e  e x p r e s s i o n  i n v o l v i n g  n o n - i n t e g r a l  o r d e r s  
i n I , 10^ 9 , and 12 . They  t he n  used t h e  Dushman
E q u i l i b r i u m  e x p r e s s i o n  to e l i m i n a t e  t h e  i o d i n e  t e r m i n
t he  r a t e  e x p r e s s i o n .  The f o l l o w i n g  r a t e  l a w f o r  e x c h a n g e  
a t  2 5 °C r e s u l t s :
1 ft ft
( 2 2 )  Y  = L4 . 4 2  X 1 0 “ ( 1 0 3 " )  + 6 . 6 0  x 1 0 °  ( C I O ^ ‘ ) ]
(H' ^)3 ( r )  d O g " )
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T h e r e f o r e , f rom t h e  e q u i l i b r i u m  e x c h a n g e  r e a c t i o n  Myer s  
and Kennedy c l a i m  t h e y  have d e r i v e d  a r a t e  l aw f o r  t he  
Dushman R e a c t i o n  ( e q u a t i o n  ( 2 2 ) ) .
Howe v e r ,  j u s t  be c a us e  t h e  Dushman R e a c t i o n  e q u i l i b r i u m  
c o n s t a n t  e x p r e s s i o n  was used i n t h e  d e r i v a t i o n  o f  r a t e  l aw
( 2 2 ) does no t  r e q u i r e  t he  e x c ha n ge  t o p r o c e e d  t h r o u g h  t he  
mechani sm of  t he  Dushman R e a c t i o n .  I n f a c t ,  any e q u i l i b ­
r i u m e x p r e s s i o n  i n v o l v i n g  s p e c i e s  i n t h e  r e a c t i o n  m i x t u r e  
may be used i n t h e  d e r i v a t i o n  o f  a r a t e  l aw f o r  t h e  
e x c ha nge  s i n c e  t h e  e x c h a n g e  i s  a l w a y s  a t  e q u i l i b r i u m .
Ra t e  l aw ( 2 2 )  r a i s e s  t he  p o s s i b i l i t y  t h a t  p e r c h l o r a t e -
i on may be i m p o r t a n t  t o  t h e  k i n e t i c s  o f  o x y i o d i n e  r e a c t i o n  
s y s t e m s .
Myer s  and Kennedy p r o p o s e  t h e  f o l l o w i n g  mechani sm  
to e x p l a i n  t h e i r  r a t e  l a w:
( 2 3 )  H' ^(aq)  + l O g ' ( a q )  ^ H l O ^ f a q )
( 2 4 )  H l O g ( a q )  + H ^ ( a q )  ( a q )  + HgO
( 2 5 )  I O r /  ( a q )  + X ‘ ( a q )  ^ lOg + X " ( a q )
( 2 6 )  H ^ ( a q )  + l " ( a q )  ---------^ H ^ I “ ( a q )
( 2 7 )  I 0 2 ' ^ X ' ( a q )  + H + I "  ( a q )  ---------^ H O I O ( a q )  + I + X" ( a q )
The p r o d u c t s  HOIO and I ^X t h e n  go on to r e a c t  r a p i d l y  
w i t h  h y d r o  i o d i c  a c i d  t o  g i v e  w a t e r ,  i o d i n e ,  and X . X 
r e p r e s e n t s  e i t h e r  an i o d a t e  or  p e r c h l o r a t e - i o n .  S t e p  ( 2 7 )  
i s  r a t e  l i m i t i n g  and i s  p r e c e d e d  by f o u r  e q u i l i b r i a
1 0
g e n e r a t i n g  t h e  r e a c t a n t  s p e c i e s  f o r  s t e p  ( 2 7 ) .  T h e i r  
mechani sm c o n s i s t s  o f  two p a r a l l e l  r e a c t i o n  schemes  
l e a d i n g  t o p r o d u c t s ,  one c o r r e s p o n d i n g  t o  X = CI O^ and 
t h e  o t h e r  t o X” = 10^ • T h e r e f o r e ,  t h e  mechani sm l e a d s  
to t h e  two t e r m r a t e  l aw f ou nd  e x p e r i m e n t a l l y  ( e q u a t i o n  
( 2 2 ) ) .
More r e c e n t  i n v e s t i g a t i o n s  o f  p r o c e s s  ( 1 3 )  a t  i o d i d e
_ g
c o n c e n t r a t i o n s  be l ow 10 M i n d i c a t e  t h e  r a t e  l aw i s  o f
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t h e  f o u r t h  o r  f i f t h  o r d e r .  F u r u i c h i  and L i e b h a f s k y
-  f tm a i n t a i n e d  t h e  i o d i d e  c o n c e n t r a t i o n  a t  l ow v a l u e s  ( < 1 0 "  M) 
by e s t a b l i s h m e n t  o f  an e q u i l i b r i u m  be t we e n  s i l v e r  i o d i d e  
and s i l v e r  i o d a t e  i n  t he  r e a c t i o n  medi um.  They f ound t he  
r a t e  l aw i n e q u a t i o n  ( 2 8 )  d e s c r i b e d  t h e i r  e x p e r i m e n t s .
( 2 8 )  f  = k (H )2 ( I * )  ( I O 3 * )
I n e q u a t i o n  ( 2 8 )  k i s  r e p o r t e d  t o be 1 . 4 3  x 10^^ sec"
a t  2 5 ° C .  E q u a t i o n  ( 2 8 )  a g r e e s  i n f o r m w i t h  t h a t  f ound by 
Abel  and H i l f e r d i n g  a t  l ow i o d i d e  c o n c e n t r a t i o n s .  E q u a t i o n
( 2 8 )  i s  n o t  u n i q u e  i n  d e s c r i b i n g  t h e  e x p e r i m e n t a l  d a t a  o f  
F u r u i c h i  and L i e b h a f s k y .  These  a u t h o r s  f ou nd  t h e  f o l l o w i n g  
r a t e  l aw d e s c r i b e s  t he  e x p e r i m e n t a l  d a t a  e q u a l l y  as w e l l
as e q u a t i o n  ( 2 8 ) :
1 < 5 ( l p )  r- C + 9
( 2 9 )  -  ~6 t ^~  " [ 6 - G X 10^ + 2 . 8  x 10^ ( l O p ]  (H )^
( r  ) ( i o ^ - )
whe r e  t h e  r a t e  c o n s t a n t s  a r e  r e p o r t e d  f o r  2 5 ° C .  F u r u i c h i  
and L i e b h a f s k y  b e l i e v e  t h e  d i m e r i c  s p e c i e s  ^ 2 1 2 ^ 6   ̂^
1 1
i n t h e  r e a c t i o n  medi um,  and t h a t  i o d i d e  p r o b a b l y  r e a c t s  
w i t h  i t .  C o n s i d e r a t i o n  o f  t h i s  a d d i t i o n a l  f a t e  o f  i o d i d e  
l e a d s  t o  t h e  second t e r m i n e q u a t i o n  ( 2 9 )  as opposed to  
t h e  s i n g l e  t e r m r a t e  l aw o f  e q u a t i o n  ( 2 8 ) .
These  i n v e s t i g a t o r s  p o s t u l a t e  t h e  f o l l o w i n g  r e a c t i o n  
scheme t o  e x p l a i n  e q u a t i o n  ( 2 9 ) :
( 3 0 )  H ( a q )  + I " ( a q )  + H l O ^ ( a q )  ^
( 3 1 )  I g O g ( a q )  — H O I ( a q )  + HO 1 0 ( a q )
whe r e  t h e  d e c o m p o s i t i o n  o f  12 ^^ i s  r a t e  l i m i t i n g .  I n  
a d d i t i o n  t h e  f o l l o w i n g  pa t h  may l e a d  t o  r e a c t i o n :
( 3 2 )  2 H I 0 3 ( a q )  ^  H 2 l 2 0 g ( a q )
(33) H'^(aq) + I’ (aq) + H2l20g(aq) ---- ^  3H0I0(aq)
whe r e  t h e  r e a c t i o n  be t we e n  i o d i d e  and t h e  d i m e r  1 2  ̂g
i s  r a t e  l i m i t i n g .  Bot h r e a c t i o n  p a t h s  i n c l u d e  t h e  i o d a t e ,  
i o d i c  a c i d  e q u i l i b r i u m .
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I n t h e  same p a p e r  F u r u i c h i  and L i e b h a f s k y  r e e x a m i n e  
t h e  d a t a  o f  Abel  and H i l f e r d i n g  and Myer s  and Kennedy and 
show t h o s e  a u t h o r s '  d a t a  t o be c o n s i s t e n t  w i t h  e q u a t i o n s  
( 2 8 )  and ( 2 9 ) .  The i n v e s t i g a t o r s  a l s o  e x p e r i m e n t a l l y  
r e f u t e  t h e  f i r s t  o r d e r  p e r c h l o r a t e - i o n  de pe nd e nc e  f ou nd  by 
Myer s  and Kennedy .  They  show t h e  r a t e  o f  t h e  Dushman 
R e a c t i o n  t o  be i n d e p e n d e n t  o f  t he  p e r c h l o r a t e - i o n  c o n c e n ­
t r a t i o n .  T h i s  l a s t  f a c t  c a s t s  d o u b t  on t h e  h y p o t h e s i s  
t h a t  t h e  i o d i n e ,  i o d a t e  e x c ha n ge  has t h e  same r a t e  l i m i t i n g  
s t e p  as t h e  Dushman R e a c t i o n .
1 2
S c h i l d c r o u t  and F o r t u n a t o ^ ^  s t u d i e d  r e a c t i o n  ( 1 3 )  a t  
25° C i n a c e t i c  a c i d ,  p o t a s s i u m  a c e t a t e  b u f f e r e d  s o l u t i o n .  
A b u f f e r  was empl oyed i n o r d e r  to m a i n t a i n  t h e  a c i d i t y  
o f  t h e  r e a c t i o n  medium a t  a c o n s t a n t ,  l ow v a l u e  ( ^ 1 0   ̂ M) 
t h r o u g h o u t  t h e  c o u r s e  o f  r e a c t i o n .  They v a r i e d  t h e  
i o d i d e  c o n c e n t r a t i o n  be t ween 1 0 ”  ̂ M and 1 0 ”  ̂ M. T h e i r  
r a t e  l aw i s  g i v e n  i n e q u a t i o n  ( 3 4 ) ,
( 3 4 )  J  ' S t  ' " ( 2 . 6  X 10^ + 4 . 2  x 10^ ( I ' ) )  ( 1 0 ^ "  )
( I ' )  ( H+) ^
The f o u r t h  o r d e r  t e r m o f  e q u a t i o n  ( 3 4 )  i s  i d e n t i c a l  t o  
t h e  f o u r t h  o r d e r  t e r m i n t h e  r a t e  l aws f ound by Abel  and 
H i l f e r d i n g  and F u r u i c h i  and L i e b h a f s k y .  I n e q u a t i o n  ( 3 4 )  
t h e  f o u r t h  o r d e r  t e r m d o m i n a t e s  a t  l ow i o d i d e  c o n c e n t r a ­
t i o n s  as f ound by A b e l ,  e t .  a l . ,  and F u r u i c h i ,  e t .  a l .  
S c h i l d c r o u t  and F o r t u n a t o  i n t e r p r e t  t h e i r  r a t e  l aw i n  
t e r ms  o f  t h e  mechani sm p r o p o s e d  by Mo r g a n ,  P e a r d ,  and 
C u 1 1 i s .
Sharma and Gupt a a l s o  i n v e s t i g a t e d  t h e  k i n e t i c s  
o f  t h e  Dushman R e a c t i o n  and r e p o r t  t he  r a t e  l aw o f  
e q u a t i o n  ( 3 5 ) .
6 ( I )
( 3 5 ) 1 - = k ( I O ^ " )  ( I ' )  (1 + k'  ( H' ^)^)
I n e q u a t i o n  ( 3 5 )  k and k ' have t h e  v a l u e s  4 . 8  x 10^ M  ̂
sec  ̂ and 1 . 5  M  ̂ sec  ̂ a t  3 5 ° C .  T h e i r  e x p e r i m e n t s  wer e  
p e r f o r m e d  i n t he  p r e s e n c e  o f  p h e n o l ,  and t h e  p o s s i b i l i t y  
e x i s t s  t h a t  phenol  may p a r t i c i p a t e  i n t he  k i n e t i c s .
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P r e v i o u s  i n v e s t i g a t i o n s  o f  t h e  Dushman R e a c t i o n  come 
t o no g e n e r a l  a g r e e me n t  as t o  t h e  mechani sm by wh i c h  i t  
p r o c e e d s ,  w i t h  a v a r i e t y  o f  i n t e r m e d i a t e s  p r o p o s e d  t o  
l e a d  t o r e a c t i o n .  Howe v e r ,  a c o m p a r i s o n  o f  t h e  r a t e  
l aws pr oposed f o r  t he  r e a c t i o n  r e v e a l s  a d e g r e e  o f  c o n ­
s i s t e n c y  be t ween t hem.  F i g u r e  ( 1 ) i s  a p l o t  o f  - l o g  
(RATE)  v e r s u s  pi  f o r  t h e  r a t e  l aws r e p o r t e d  by A b e l ,  
S c h i l d c r o u t ,  and L i e b h a f s k y  ( e q u a t i o n s  ( 1 4 )  and ( 1 5 ) ,
( 2 8 ) ,  and ( 3 4 )  r e s p e c t i v e l y ) .  The p l o t  i s  c o n s t r u c t e d  
f o r  an a c i d  c o n c e n t r a t i o n  and i o d a t e  c o n c e n t r a t i o n  n e a r  
t h e  e x p e r i m e n t a l  r a n g e s  w i t h i n  w h i c h  t h e  r a t e  l aws wer e  
d e t e r m i n e d .  Each r a t e  l aw i s  p l o t t e d  o n l y  o v e r  t h e  r a n g e  
o f  pi  vn ' t h i n  wh i c h  i t  was d e t e r m i n e d .  As f i g u r e  ( 1 )  
shows t h e  t h r e e  r a t e  l aws a g r e e  w e l l  w i t h  each o t h e r .
The f i f t h  o r d e r  t e r m r e p o r t e d  by Abel  and S c h i l d c r o u t
- 4d o mi n a t e s  a t  i o d i d e  c o n c e n t r a t i o n s  above  10 M, w h i l e
t h e  f o u r t h  o r d e r  t e r m r e p o r t e d  by Abe l  and L i e b h a f s k y
-  8d o mi n a t e s  a t  i o d i d e  c o n c e n t r a t i o n s  b e l o w 10 M. D e s p i t e  
some c o n f u s i o n  i n  t he  l i t e r a t u r e  c o n c e r n i n g  t he  Dushman 
R e a c t i o n ,  t h i s  r e a c t i o n  must  be i m p o r t a n t  i n  t he  mech­
a n i s t i c  d e s c r i p t i o n  o f  any o x y i o d i n e  r e a c t i o n  s y s t e m.
4.  Br a y  L i e b h a f s k y  R e a c t i o n
I n f o r m a t i o n  c o n c e r n i n g  t h e  k i n e t i c s  o f  o x y i o d i n e
sy s t e ms  i s  p a r t i c u l a r l y  i m p o r t a n t  now t h a t  mechani sms
1 2f o r  t h e  B r a y - L i e b h a f s k y  R e a c t i o n  a r e  b e i n g  d i s c u s s e d .
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Figure (1) ; A plot of -log(rate) versus pi
for the various rate laws reported for the 
Dushman Reaction. The three curves are plots of 
equations (14) and (15), (28), and (34).
oTemperature = 2 5 C.
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The B r a y - L i e b h a f s k y  R e a c t i o n  i s  t h e  i o d a t e  c a t a l y z e d  
d e c o m p o s i t i o n  o f  hy dr o ge n  p e r o x i d e  ( e q u a t i o n  ( 3 6 ) ) .
I O 3 ’
( 3 6 )  2 H 0 0 H ( a q )  ----------— ^  O g ( g )  + 2 H ^ 0
R e a c t i o n  ( 3 6 )  i s  unusua l  s i n c e  i t  i s  one o f  o n l y  a h a n d f u l  
of  known homogeneous c h e m i c a l  o s c i l l a t o r s .  F i g u r e  ( 2 )  
i l l u s t r a t e s  o s c i l l a t i o n s  wh i c h  o c c u r  i n  t he  c o n c e n t r a t i o n  
o f  m o l e c u l a r  i o d i n e  and i o d i d e .  Oxygen gas i s  a l s o  
e v o l v e d  f r om t he  r e a c t i o n  medi um i n p u l s e s .  These  o s c i l ­
l a t i o n s  do n o t  o c c u r  a b o u t  t h e  f i n a l  e q u i l i b r i u m  s t a t e  
o f  t h e  s y s t e m,  b u t  c i r c l e  an u n s t a b l e  s t e a d y  s t a t e  f a r  
f r om e q u i l i b r i u m .  A mechani sm f o r  t h e  Br ay  L i e b h a f s k y
R e a c t i o n  wh i c h  q u a l i t a t i v e l y  e x p l a i n s  t h e  o s c i l l a t i o n s
1 3has been p r op os e d  by Sharma and Noyes .  T h e i r  mechani sm  
c o n s i s t s  o f  t h e  two c ompl e x  p r o c e s s e s  shown i n e q u a t i o n s
( 3 7 )  and ( 3 8 ) .
( 3 7 )  2I0g"(aq) + 5H00H(aq) + ^  Ig(aq) +
50g(g) + GHgO
( 3 8 )  Ig(aq) + llHOOH(aq) --------- ^  2102*(aq) + 30g(g)
+ 2H^(aq) + lOHgO 
P r o c e s s  ( 3 7 )  i s  d o m i n a t e d  by n o n - r a d i c a l  e l e m e n t a r y  s t e p s ,  
w h i l e  p r o c e s s  ( 3 8 )  i s  d o m i n a t e d  by r a d i c a l  r e a c t i o n s .  
P r o c e s s  ( 3 8 )  o p e r a t e s  i n p a r t  t h r o u g h  a r a d i c a l  c h a i n  
mechani sm and i s  a u t o c a t a  l y t i c  i n t h e  p r o d u c t i o n  o f  t h e  
i n t e r m e d i a t e  s p e c i e s  HO 10.  R e a c t i o n s  ( 3 7 )  and ( 3 8 )  b o t h  
p r o c e e d  v i a  c ompl e x  me c h a n i s ms ,  each i n v o l v i n g  e l e m e n t a r y
m
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Figure (2) : Plots of pi and (I^J versus time(minutes)
ofor the Bray Liebhafsky Reaction. Temperature = 50 C. 
Plots reproduced from reference 13,
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s t e p s  be t we e n  o x y i o d i n e  s p e c i e s .  The two p r o c e s s e s  a r e  
c o u p l e d  t h r o u g h  common i n t e r m e d i a t e s  p r o d u c i n g  a scheme 
by w h i c h  t h e y  a l t e r n a t e  i n d o m i n a n c e ,  t h e r e b y  g i v i n g  r i s e  
t o t h e  o b s e r v e d  o s c i l l a t i o n s .  A l t h o u g h  t he  Sha r ma- Noyes  
Mechani sm o f  t h e  B r a y - L i e b h a f s k y  R e a c t i o n  can q u a l i t a t i v e l y  
a c c o u n t  f o r  t he  o s c i l l a t i o n s ,  q u a n t i t a t i v e  c o n f i r m a t i o n  of  
t h e  mechani sm has been h i n d e r e d  by t h e  l i m i t e d  i n f o r m a t i o n  
a v a i l a b l e  on o x y i o d i n e  c h e m i s t r y .  The u l t i m a t e  t e s t  o f  
t h e i r  mechani sm i s  t h e  s u c c e s s f u l  n u m e r i c a l  r e p r o d u c t i o n  
o f  t h e  o b s e r v e d  o s c i l l a t i o n s  based on r a t e  d a t a  r e p o r t e d  
i n  t h e  l i t e r a t u r e .  Such d a t a  i s  now s c a r c e , and t h i s  i s  
m a i n l y  t h e  r e a s o n  f o r  wh i c h  t h i s  wor k  was u n d e r t a k e n .
C. PREVIOUS WORK ON THE OXI DATI ON OF FERROUS ION 
BY IODATE
M i t z n e r ,  F i s c h e r ,  and Le u p o l d ^  i n t e r p r e t e d  t h e i r  
d a t a  by a s s umi ng t h a t  t he  f o l l o w i n g  r a t e  l aw d e s c r i b e s  t h e  
k i n e t i c s  o f  o x i d a t i o n  a t  25°C:
( 3 9 )  -  I q G ( F e ( I I ) )   ̂ kexp ( l O g - )
w h e r e ,
kexp = + kg (H+) + kg (H+) ( 12 ) Q + 2kg ( H+)  ( l O g " )
-2kg (lOg’) (H+)
They a l s o  f ound t h e  r e a c t i o n  t o  be a u t o c a t a  l y t i c ,  w i t h  
a c c u m u l a t e d  i o d i n e  i n c r e a s i n g  t h e  r a t e  o f  r e a c t i o n .  To 
e x p l a i n  t h e s e  r e s u l t s  M i t z n e r ,  e t .  a l . , p r o p o s e  a r a t e  
l i m i t i n g  s t e p  i n  wh i c h  i o d i c  a c i d  f o r me d  i n an e q u i l i b r i u m
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w i t h  i o d a t e  and h y d r o g e n - i o n  decomposes i n t o  10^^ and OH".  
T h i s  i n i t i a t i o n  scheme i s  i l l u s t r a t e d  in e q u a t i o n s  ( 4 0 )  
and ( 4 1 ) .
( 4 0 )  H' ^(aq)  + l Og"  ( a q )  ^  Hl O^Oaq)
( 4 1 )  H l O g ( a q ) ---------^  I ( a q ) + OH" ( a q )  ( r a t e  l i m i t i n g )
These  two i n i t i a l  s t e p s  a r e  f o l l o w e d  by a s e r i e s  o f  r a p i d  
o n e - e l e c t r o n  t r a n s f e r s  be t ween F e ( I I )  and t h e  o x y i o d i n e
i n t e r m e d i a t e s  1 0 2 ^ ,  l Og,  H10 2 , 10 ,  and HOI to pr o d u c e
t he  r e a c t i o n  p r o d u c t s .  Pr o c e s s  ( 4 2 )  was pr op os e d  by them 
t o i n i t i a t e  t h e  pa t h  r e s p o n s i b l e  f o r  a u t o c a t a l y s i s .
( 4 2 )  H I 0 3 ( a q )  + l 2 ( a q )  ----------- ^  H O I ( a q )  + 2 I 0 ( a q )
Both o x y i o d i n e  p r o d u c t s  g e n e r a t e d  by t h i s  p r o c e s s  a r e  
r e d u c e d  t o i o d i n e  by F e ( I I )  p r o d u c i n g  t h e  e x p e r i m e n t a l l y  
o b s e r v e d  a u t o c a t a l y s i s .  Even t hough  r e a c t i o n  ( 4 2 )  does  
e x p l a i n  t h e  a u t o c a t a l y t i c  p r o d u c t i o n  o f  i o d i n e ,  t h e  s t e r  i c 
r e q u i r e m e n t  i n t h e  t r a n s i t i o n  s t a t e  f o r  t h e  i n i t i a t i o n  
r e a c t i o n  may be p r o h i b i t i v e  i n  t h a t  i t  i s  a f i v e - c e n t e r e d  
e n c o u n t e r  ( e q u a t i o n  ( 4 3 ) ) .
^  0  I
( 4 3 )  HlOq + I p -----------  HOI    HOI + 210
 I
An a l t e r n a t i v e  p a t h  l e a d i n g  t o a u t o c a t a l y s i s  i s  l i k e l y .
The manner  i n  wh i c h  t h e s e  i n v e s t i g a t o r s  i n t e r p r e t e d  
t h e i r  d a t a  i s  o b v i o u s l y  i n c o r r e c t  and l e a d s  to i n c o r r e c t  
c o n c l u s i o n s  c o n c e r n i n g  t h e  f o r m o f  t h e  r a t e  l aw.  T h u s ,  
l i t t l e  c r e d e n c e  can be p l a c e d  i n  t h e i r  m e c h a n i s t i c
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c o n c l u s i o n s .  They  d e t e r m i n e  an o r d e r  i n F e ( I I )  based on 
p l o t s  o f  - l o g  ( F e ( I I ) )  v e r s u s  t i m e  wh i c h  c o v e r  o n l y  60% 
o f  r e a c t i o n .  P l o t s  o f  i n t e g r a t e d  r a t e  e x p r e s s i o n  c o v e r i n g  
l e s s  t han 90% c o m p l e t i o n  o f  r e a c t i o n  a r e  e s s e n t i a l l y  
u s e l e s s  s i n c e  m o s t l y  any r a t e  e x p r e s s i o n  w i l l  g i v e  a 
r e a s o n a b l e  s t r a i g h t  l i n e  up t o 60%-70% r e a c t i o n .  I t  i s  
t h e  c o n s t a n c y  o f  r a t e  c o n s t a n t s  f o r  r uns  c o v e r i n g  a wi de  
r a n g e  o f  i n i t i a l  r e a c t a n t  c o n c e n t r a t i o n s  t h a t  d e m o n s t r a t e s  
t h e  v a l i d i t y  o f  a r a t e  e x p r e s s i o n .  M i t z n e r ,  e t .  a l . ,  d i d  
no t  make k i n e t i c  r uns  c o v e r i n g  a w i d e  r a n g e  o f  i n i t i a l  
r e a c t a n t  c o n c e n t r a t i o n .  T h u s ,  t h e i r  r a t e  e x p r e s s i o n s  
may v e r y  w e l l  be i n e r r o r .  Our  f i n d i n g  o f  an o r d e r  i n  
F e ( I I )  c l o s e  t o 1 . 0  shows t h e i r  r a t e  l aw t o  be i n c o r r e c t  
( e q u a t i o n  ( 3 9 ) ) ,  and t h e r e f o r e  i n v a l i d a t e s  any m e c h a n i s t i c  
c o n c l u s i o n  based on i t .
CHAPTER I I
METHODS AND MATERIALS
A, CHEMICALS AND ANALYTI CAL PROCEDURES
A l l  c h e m i c a l s  empl oyed i n t h e  s t u d y  wer e  used as 
r e c e i v e d  f r om t h e  c h e mi c a l  m a n u f a c t u r e r  w i t h  no f u r t h e r  
p u r i f i c a t i o n .  S o l i d  c h e m i c a l s  wer e  we i ghe d  o u t  on a 
M e t t l e r  H-51 s i n g l e  pan b a l a n c e .
Sodi um i o d a t e  was M a l l i n c k r o d t  A n a l y t i c a l  R e a g e n t  
g r a d e .  P r i o r  t o  an e x p e r i m e n t ,  i t  was d r i e d  f o r  a t  l e a s t  
one hour  a t  1 1 0 ° C , and t he n  w e i g h e d  o u t  t o t h e  n e a r e s t  
o n e - h u n d r e d t h  o f  a m i l l i g r a m .
Hydr a  t e d  f e r r o u s  p e r c h l o r a t e  ( Fe ( C1 0 ^ ) ^ ‘ SH^O) was 
Ma t h e s o n ,  Co l e ma n ,  and B e l l  r e a g e n t  g r a d e .  S t o c k  s o l u t i o n s  
o f  f e r r o u s  p e r c h l o r a t e  we r e  made up t o an a p p r o x i m a t e  
m o l a r i t y  and t h e n  a n a l y z e d .  P r i o r  t o an i n i t i a l  r a t e  
s t u d y  t h e  i n i t i a l  f e r r o u s - i o n  c o n c e n t r a t i o n  was d e t e r m i n e d  
by a p o t a s s i u m  d i c h r o m a t e  t i t r a t i o n  t o a di  phe ny l  a mi ne  
e n d p o i n t . T h e  t i t r a t i o n  a n a l y s i s  was a l wa y s  done i n  
t r i p l i c a t e .  For  e x p e r i m e n t s  i n wh i c h  t h e  e n t i r e  c o u r s e  
o f  r e a c t i o n  was m o n i t o r e d ,  t h e  i n i t i a l  f e r r o u s - i o n  c o n c e n ­
t r a t i o n  was a n a l y z e d  s p e c t r o p h o t o m e t r i c a l l y  t h r o u g h  
c o m p l e x a t i o n  w i t h  1 , 1 0  o r t h o p h e n a n t h r o l i n e .  The F e ( I I )  
compl ex  o f  o r t h o  p h e n a n t h r o l  i ne was f ound t o  have an
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a b s o r p t i o n  maximum a t  508 nm and an e x t i n c t i o n  c o e f f i c i e n t
o f  1 1 , 2 0 0  M " \  S p e c t r o p h o t o m e t r i c  a n a l y s i s  was p e r f o r m e d
i n d u p l i c a t e  f o r  each f e r r o u s - i o n  s t o c k  s o l u t i o n  p r e p a r e d .
C o m p l e x a t i o n  o f  F e ( I I )  i s  q u a n t i t a t i v e  i n t h e  pH r a n g e  
1 52 - 9 .  When n e c e s s a r y ,  pH a d j u s t m e n t  was a c c o m p l i s h e d  
u s i n g  one m o l a r  sodi um h y d r o x i d e .  A c o m p l e t e  d e s c r i p t i o n  
o f  t h e  1 , 1 0  o r t h o p h e n a t h r o l i  ne a n a l y s i s  f o r  F e ( I I )  i s  
g i v e n  e l s e w h e r e .
72% ( by  w e i g h t )  p e r c h l o r i c  a c i d  was Ba k e r  A n a l y z e d  
r e a g e n t  g r a d e .  I t  was a n a l y z e d  by t i t r a t i o n  w i t h  a s o l u ­
t i o n  o f  sodi um h y d r o x i d e  wh i c h  had been s t a n d a r d i z e d  
a g a i n s t  p o t a s s i u m  hy dr oge n  p t h a l a t e .  A n a l y s i s  was done  
i n t r i p l i c a t e  f o r  each p e r c h l o r i c  a c i d  s t o c k  s o l u t i o n .  
P h e n o l p t h a l e i  n s e r v e d  as an i n d i c a t o r  i n t h e s e  t i t r a t i o n s .
Aqueous i o d i n e  s t o c k  s o l u t i o n s  wer e  p r e p a r e d  f r om  
c r y s t a l l i n e  i o d i n e  m a n u f a c t u r e d  by t h e  O . T .  Ba k e r  C o r p o r ­
a t i o n .  The i o d i n e  c o n c e n t r a t i o n  was t he n  a n a l y z e d  
spec t r o p h o t o m e t r i  ca l  1 y a t  = 466  nm, G ( I o d i n e )  =
700 M"  ̂ c m " \
Once t h e  p r i n c i p a l  r e a c t a n t s  had been mea s ur e d  o u t  
and t h e i r  c o n c e n t r a t i o n s  a n a l y t i c a l  1 y d e t e r m i n e d ,  t he  
i o n i c  s t r e n g t h  o f  t h e  r e a c t i o n  medi a  was a d j u s t e d  t o  
1 . 5  M w i t h  sodi um p e r c h l o r a t e  mono h y d r a t e . A l l  k i n e t i c  
r uns  o f  t h i s  i n v e s t i g a t i o n  wer e  c a r r i e d  o u t  a t  an i o n i c  
s t r e n g t h  o f  1 . 5  M. Sodi um p e r c h l o r a t e  came f r om t h e
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M a t h e s o n ,  Col eman,  and B e l l  L a b o r a t o r i e s .  I t  was we i ghe d  
o u t  d i r e c t l y  w i t h o u t  d r y i n g .
A l l  s t o c k  s o l u t i o n s  wh i c h  wer e  e v e n t u a l l y  t o be used 
as component s  o f  t h e  r e a c t i o n  medi um wer e  p r e p a r e d  us i n g  
t r i p l y  d i s t i l l e d  w a t e r .  Such p u r i f i c a t i o n  was c a r r i e d  
o u t  t o  i n s u r e  t h a t  no s t r a y  c a t a l y s t s  c o n t a m i n a t e d  t h e  
r e a c t i o n  m i x t u r e .  The d i s t i l l a t i o n  a p p a r a t u s  was 
c o n s t r u c t e d  c o m p l e t e l y  f r o m g l a s s .  I t  c o n s i s t e d  o f  a 
sodi um d i c h r o m a t e  s t a g e ,  a p o t a s s i u m  p e r ma n g a n a t e  s t a g e ,  
and a t r a p ,  f o l l o w e d  by a f i n a l  d i s t i l l a t i o n  f r om t h e  
t r a p  i n t o  a s t o r a g e  c o n t a i n e r .  A d d i t i o n a l l y ,  a l l  s t o c k  
s o l u t i o n s  wer e  p u r g e d  w i t h  d r y  n i t r o g e n  b e f o r e  t h e y  wer e  
i n t r o d u c e d  i n t o  t h e  r e a c t i o n  m i x t u r e .
B. METHODS
1. I n i t i a l  Ra t e  E x p e r i m e n t s
The i n i t i a l  r a t e  e x p e r i m e n t s  we r e  c a r r i e d  o u t  i n  a 
gr ound  g l a s s  s t o p p e r e d  e r l e n m e y e r  f l a s k  c o n t a i n i n g  a 
25 ml g l a s s  t u b e  i n s e r t  j o i n e d  t o t h e  bo t t om o f  t h e  f l a s k .  
The r e a c t i o n  f l a s k  t h e r e f o r e  c o n t a i n e d  two s e p a r a t e  
c o m p a r t m e n t s .  Two 100 ml s t o c k  s o l u t i o n s  wer e  p r e p a r e d ,  
one c o n t a i n i n g  f e r r o u s  p e r c h l o r a t e  i n one m o l a r  p e r c h l o r i c  
a c i d  and t he  o t h e r  sodi um i o d a t e  and sodi um p e r c h l o r a t e  
i n  one m o l a r  p e r c h l o r i c  a c i d .  20  ml o f  each s t o c k  
s o l u t i o n  was t h e n  i n t r o d u c e d  i n t o  t h e  s e p a r a t e  c o m p a r t ­
ment s  o f  t h e  r e a c t i o n  f l a s k .  The f l a s k  was s t o p p e r e d
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and e q u i l i b r a t e d  t o  3 0 . 0  + 0 . 2 ° C  i n a c o n s t a n t  t e m p e r a t u r e  
w a t e r  b a t h  f o r  a t  l e a s t  two h o u r s .  A f t e r  e q u i l i b r a t i o n  
t he  f l a s k  was shaken i n o r d e r  t o  mi x i t s  c o n t e n t s .  W i t h i n  
one m i n u t e  o f  m i x i n g  a s ma l l  q u a n t i t y  o f  t he  r e a c t i o n  
m i x t u r e  was t r a n s f e r r e d  t o  a 1 cm p a t h  l e n g t h  s i l i c a  
s p e c t r o p h o t o m e t e r  c e l l  wh i ch  had p r e v i o u s l y  been e q u i l i ­
b r a t e d  t o  3 0 . 0  + 0 . 2 °C i n t h e  Beckman Model  D. U.  S p e c t r o ­
p h o t o m e t e r  c e l l  c o mp a r t me n t .  The a b s o r b a n c e  of  p r o d u c t  
i o d i n e  was f o l l o w e d  as a f u n c t i o n  o f  t i m e .  A l l  r e a c t i o n  
r uns  we r e  f o l l o w e d  t o  a t  l e a s t  50% c o m p l e t i o n ,  however  
c a l c u l a t i o n  o f  t h e  i n i t i a l  r a t e  o f  r e a c t i o n  was based on 
d a t a  c o l l e c t e d  w i t h i n  o n l y  t he  f i r s t  1 0 % of  r e a c t i o n .
For  r uns  a t  a c i d  c o n c e n t r a t i o n s  d i f f e r e n t  f r om one m o l a r  
each 10 0  ml s t o c k  s o l u t i o n  c o n t a i n e d  t h e  a p p r o p r i a t e  
amount  o f  p e r c h l o r i c  a c i d .
The Beckman S p e c t r o p h o t o m e t e r  was o u t f i t t e d  w i t h  
t he r mos  p a c e r s , i n t o  wh i c h  w a t e r  f l o w e d  f r om a Haake  
Model  FE t he r mo s  t a  t e d  w a t e r  c i r c u l a t o r .  A l l  i n i t i a l  
r a t e s  s t u d i e d  we r e  run a t  3 0 . 0  + 0 . 4 ° C .
2.  I o d i n e  E x t r a c t i o n  E x p e r i m e n t s
The p r o c e d u r e  f o r  f o l l o w i n g  t h e  r e a c t i o n  o v e r  i t s  
e n t i r e  c o u r s e  w h i l e  c o n t i n u o u s l y  r e mo v i n g  i o d i n e  f r om  
t h e  r e a c t i o n  medi um c o n s i s t e d  o f  f i r s t  p r e p a r i n g  two  
250  ml s t o c k  s o l u t i o n s ,  one c o n t a i n i n g  p e r c h l o r i c  a c i d  
and f e r r o u s  p e r c h l o r a t e ,  t h e  o t h e r  sodi um i o d a t e  and
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sodi um p e r c h l o r a t e .  75 ml o f  each s t o c k  s o l u t i o n  was 
t r a n s f e r r e d  i n t o  two s e p a r a t e  g l a s s ,  round b o t t o m f l a s k s .  
These  f l a s k s  we r e  f i r s t  s t o p p e r  ed and t he n  c l a mp e d  i n t o  
a c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h .  At  t he  same t i m e  a 
300 ml e r l e n m e y e r  f l a s k  f i t t e d  w i t h  a r u b b e r  s t o p p e r  was 
cl amped i n t h e  same c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h .
T h i s  f l a s k  c o n t a i n e d  150 ±  25 ml o f  a n a l y t i c a l  g r a d e  
c a r b on  t e t r a c h l o r i d e  and a m a g n e t i c  s t i r r i n g  b a r . A l l  
f l a s k s  wer e  e q u i l i b r a t e d  t o 3 0 . 0  + 0 . 2 ° C  f o r  a t  l e a s t
two h o u r s ,  a f t e r  wh i c h  t i m e  t h e  c o n t e n t s  o f  t h e  two f l a s k s
c o n t a i n i n g  t h e  p r i n c i p a l  r e a c t a n t s  we r e  mi x e d .  T i m i n g  o f  
r e a c t i o n  p r o g r e s s  s t a r t e d  a t  t he  i n s t a n t  o f  m i x i n g .  The
r e a c t i o n  m i x t u r e  was q u i c k l y  t r a n s f e r r e d  t o t h e  300  ml
e r l e n m e y e r  f l a s k  c o n t a i n e d  i n t h e  w a t e r  b a t h .  The c o n ­
t e n t s  o f  t h e  f l a s k  wer e  s t i r r e d  by use o f  a C o r n i n g  
Model  PC-351 M a g n e t i c  S t i r r e r  s i t u a t e d  d i r e c t l y  u n d e r  t h e  
r e a c t i o n  f l a s k  and s u p p o r t i n g  t h e  w a t e r  b a t h .  I n  t h i s  
manner  i o d i n e  was c o n t i n u o u s l y  e x t r a c t e d  f r om t h e  aqueous  
r e a c t i o n  l a y e r  i n t o  t he  i n e r t  c a r b o n  t e t r a c h l o r i d e  l a y e r  
as r a p i d l y  as i t  was f o r me d .  A t  25°C t h e  p a r t i t i o n  
c o e f f i c i e n t  o f  i o d i n e  be t we e n  c a r b o n  t e t r a c h l o r i d e  and  
w a t e r  i s  8 5 ,  and t h e r e f o r e  t h e  i o d i n e  c o n c e n t r a t i o n  i s  
a l w a y s  e s s e n t i a l l y  z e r o  i n t h e  r e a c t i o n  medi um ( 0 . 0  M 
< ( 12 ) < 4 . 7  X 10  ̂ M f o r  r uns  i n v o l v i n g  t h e  g r e a t e s t  
i o d i n e  p r o d u c t i o n ) .  D e p e n d i n g  on t h e  i n i t i a l  c o n c e n t r a ­
t i o n  o f  r e a c t a n t s ,  s t i r r i n g  was i n t e r r u p t e d  p e r i o d i c a l l y
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and 5 ml o f  r e a c t i o n  m i x t u r e  p i p e t t e d  i n t o  a v o l u m e t r i c  
f l a s k  c o n t a i n i n g  w a t e r  and 1 , 1 0  o r t h o p h e n a n t h r o l i n e  
c o m p l e x i n g  a g e n t .  The mi ni mum d i l u t i o n  o f  a r e a c t i o n  
a l i q u o t  v;as 2 0 - f o l d ,  hov/ ever  t h e  c o m p l e x a t i o n  o f  F e ( I I )  
w i t h  o r t h o p h e n a n t h r o l i n e  a l s o  s e r v e d  t o quench r e a c t i o n .
The r e s u l t i n g  o r a n g e  s o l u t i o n s  we r e  a n a l y z e d  on a Co l e ma n-  
H i t a c h i  Model  E . P . S .  3 - T ,  U . V . - V i s i b l e  S p e c t r o p h o t o m e t e r ,  
and c o n c e n t r a t i o n  o f  F e ( I I )  as a f u n c t i o n  o f  t i me  d a t a  
d e r i v e d .
3.  I o d i n e  A c c u m u l a t i o n  E x p e r i m e n t s
For  r uns  i n wh i c h  i o d i n e  was a l l o w e d  t o a c c u m u l a t e  
i n t h e  r e a c t i o n  medi um,  we f o l l o w e d  an i d e n t i c a l  p r o c e d u r e  
t o  t h a t  used i n t h e  i o d i n e  e x t r a c t i o n  e x p e r i m e n t s ,  e x c e p t  
t h a t  t h e  ca r bon  t e t r a c h l o r i d e  and m a g n e t i c  s t i r r i n g  ba r  
w e r e  n o t  added t o  t h e  r e a c t i o n  f l a s k .  Ab s o r b a n c e  due t o  
i o d i n e  was n e g l e c t e d  i n  t h e  s p e c t r o p h o t o m e t r i c  a n a l y s i s  
o f  t h e  r e s u l t i n g  1 , 1 0  o r t h o p h e n a n t h r o l i n e  compl ex  s o l u t i o n s  
I n no e x p e r i m e n t  d i d  s o l i d  i o d i n e  p r e c i p i t a t e  f rom t h e  
r e a c t i o n  medi um.  A l l  a c c u m u l a t i o n  e x p e r i m e n t s  wer e  done  
a t  3 0 . 0  ±  0 . 2 °C and an i o n i c  s t r e n g t h  o f  1 . 5  M.
For  each i o d i n e  a c c u m u l a t i o n  e x p e r i m e n t  as w e l l  as 
f o r  each i o d i n e  e x t r a c t i o n  e x p e r i m e n t  t h e  c o n c e n t r a t i o n  
o f  F e ( I I )  was m o n i t o r e d  t h r o u g h  a t  l e a s t  80% of  r e a c t i o n .
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4.  N u m e r i c a l  S i m u l a t i o n  o f  E x p e r i m e n t s
N u m e r i c a l  s i m u l a t i o n  o f  ou r  p o s t u l a t e d  mechani sm  
was c a r r i e d  o u t  on t h e  Dec Syst em 20 Comput e r  owned by 
t h e  U n i v e r s i t y  o f  Mon t a n a .  S i m u l a t i o n  c o n s i s t e d  o f  w r i t i n g  
o u t  t h e  r a t e  e x p r e s s i o n s  f o r  t h e  v a r i o u s  c h e m i c a l  s p e c i e s  
i n t h e  mec ha n i s m.  T h i s  p r o c e d u r e  l e a d s  t o a s y s t e m of  
s i m u l t a n e o u s ,  f i r s t  o r d e r ,  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  
(11 f o r  o u r  me c h a n i s m) .  V a l u e s  f o r  r a t e  c o n s t a n t s  wer e  
a s s i g n e d  t o  i n d i v i d u a l  e l e m e n t a r y  p r o c e s s e s  and t h e  s y s t e m  
o f  d i f f e r e n t i a l  e q u a t i o n s  was i n t e g r a t e d  u s i n g  t h e  
O r d i n a r y  D i f f e r e n t i a l  E q u a t i o n  S o l v e r  d e v e l o p e d  by G e a r .  ̂  ̂
R e s u l t s  o f  i n t e g r a t i o n s  we r e  p l o t t e d  o u t  on a H e w l e t t -  
P a c k a r d  7 2 0 0 - A G r a p h i c  P l o t t e r  as ( F e ( I I ) )  v e r s u s  t i m e ,
- l o g  ( ( F e ( I I ) ) )  v e r s u s  t i m e ,  or  ( I ^ ) v e r s u s  t i m e .  The  
n u m e r i c a l l y  g e n e r a t e d  p l o t s  we r e  compar ed w i t h  t h o s e  
g e n e r a t e d  e x p e r i m e n t a l  1 y . C o n c e n t r a t i o n s  o f  a l l  i n t e r ­
m e d i a t e s  wer e  o u t p u t  by t h e  c o mp u t e r  pr ogr am a t  r e g u l a r  
t i m e  i n t e r v a l s .
CHAPTER I I I  
RESULTS AND DI SCUSSI ON
A. RESULTS
1 . I n i t i a l  Ra t e s
The a d v a n t a g e  o f  an i n i t i a l  r a t e s  s t u d y  i s  t he  
e l i m i n a t i o n  o f  e f f e c t s  f r om c o m p l i c a t i n g  s i d e  r e a c t i o n s  
whi ch  may become i m p o r t a n t  as p r o d u c t s  a c c u m u l a t e .  I n  
t h e  p r e s e n t  s t u d y  i n f o r m a t i o n  can be g a t h e r e d  a b o u t  t h e  
k i n e t i c s  o f  p r o c e s s  ( 1 ) w i t h o u t  c o n t e n d i n g  w i t h  t h e  
c o m p l i c a t i n g  i n f l u e n c e  o f  a u t o c a t a l y s i s .  A l i m i t a t i o n  
o f  t h e  i n i t i a l  r a t e s  p r o c e d u r e  i s  t h a t  t h e  i n f o r m a t i o n  so 
o b t a i n e d  o n l y  p e r t a i n s  t o t h e  k i n e t i c s  o f  i n i t i a l  p r o c e s s e s  
and c a n n o t  be s a f e l y  e x t r a p o l a t e d  t o  t h e  k i n e t i c s  a t  l a t e r  
s t a g e s  o f  r e a c t i o n .  N e v e r t h e l e s s ,  i n i t i a l  r a t e s  s e r v e s  
as a l o g i c a l  met hod w i t h  w h i c h  t o  s t u d y  a c o m p l i c a t e d  
r e a c t i o n  syst em such as r e a c t i o n  ( 1 ) .
An e x p e r i m e n t a l  probl ern wh i c h  a r i s e s  w h i l e  u s i n g  an 
i n i t i a l  r a t e s  t e c h n i q u e  i s  i n i t i a l  e q u i l i b r a t i o n  o f  t h e  
r e a c t i o n  m i x t u r e  w i t h  r e s p e c t  t o  h o m o g e n e i t y  o f  s o l u t i o n  
c o m p o s i t i o n  and t e m p e r a t u r e  f l u c t u a t i o n .  Both o f  t h e s e  
p r o b l e ms  a r e  most  p r e v a l e n t  i n t h e  i n i t i a l  s t a g e s  o f  any  
e x p e r i m e n t a l  run as opposed t o  l a t e r  i n t h a t  run when 
e q u i l i b r a t i o n  i s  c o m p l e t e .  I n a l l  our  e x p e r i m e n t s  t h e
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two r e a c t a n t  s o l u t i o n s  we r e  t h o r o u g h l y  mi xed f o r  n e a r l y  
one m i n u t e .  Thus,  c o m p o s i t i o n  h o m o g e n e i t y  was l i k e l y  
a c h i e v e d  v e r y  e a r l y  i n any g i v e n  r u n .  On t he  o t h e r  hand,  
o u r  e x p e r i m e n t a l  t e c h n i q u e  i n v o l v e d  two c o n s t a n t  t e m p e r ­
a t u r e  w a t e r  b a t h s  h e l d  a t  3 0 . 0  + 0 . 2  ° C . One o f  t h e s e  
was used t o  e q u i l i b r a t e  t h e  r e a c t a n t s  t o 3 0 . 0  + 0 . 2  °C 
b e f o r e  t h e i r  m i x i n g , w h i l e  t h e  o t h e r  was hooked up t o t he  
s p e c t r o p h o t o m e t e r  c e l l  compartment i n o r d e r  t o keep t he  
r e a c t i o n  m i x t u r e  a t  3 0 . 0  + 0 . 2  °C d u r i n g  t h e  c o u r s e  o f  
a r u n .  W h i l e  m i x i n g  t he  r e a c t a n t s  t o g e t h e r  t h e  r e a c t i o n  
s o l u t i o n s  we r e  n o t  i n a 3 0 . 0  0 . 2  °C w a t e r  b a t h ,  b u t
w e r e  h e l d  i n an e n v i r o n m e n t  a t  2 5 °C ( room t e m p e r a t u r e ) .  
T h u s ,  d u r i n g  m i x i n g  t he  t e m p e r a t u r e  o f  t he  r e a c t i o n  
s o l u t i o n  p r o b a b l y  dropped be l ow 3 0 . 0  0 . 2  °C.  A d d i t i o n a l l y ,
s ma l l  d i f f e r e n c e s  i n t e m p e r a t u r e  p r o b a b l y  e x i s t e d  be t ween  
t h e  two w a t e r  b a t h s  empl oyed i n t h e  e x p e r i m e n t s .  For  
t h e s e  r e a s o n s  we r e p o r t  ou r  i n i t i a l  r a t e  r e s u l t s  f o r  a 
t e m p e r a t u r e  o f  3 0 . 0  +. 0 . 4  ° C ,  w i t h  t he  r e l a t i v e l y  l a r g e  
e x p e r i m e n t a l  e r r o r  r e f l e c t i n g  u n c e r t a i n t i e s  i n t he  i n i t i a l  
t e m p e r a t u r e  o f  t h e  r e a c t i o n  s o l u t i o n .
The i n i t i a l  s l o p e  o f  an a b s o r b a n c e  v e r s u s  t i m e  p l o t  
f o r  a ny  g i v e n  run y i e l d s  t h e  i n i t i a l  r a t e  o f  t h a t  r u n .  
I n i t i a l  r e a c t i o n  i s  d e f i n e d  by us to encompass t h e  f i r s t  
1 0 % o f  r e a c t i o n ,  and we t h e r e f o r e  c o n s i d e r e d  o n l y  t h o s e  
d a t a  p o i n t s  w i t h i n  t h e  f i r s t  1 0 % o f  r e a c t i o n  i n c a l c u l a t i n g
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our  i n i t i a l  r a t e s .  A t y p i c a l  p l o t  o f  a b s o r b a n c e  v e r s u s  
t i m e  d a t a  i s  i l l u s t r a t e d  i n  f i g u r e  ( 3 ) ,  a l o n g  w i t h  t he  
i n i t i a l  r a t e s  l i n e .
T a b l e  (^l) shows t he  r e s u l t s  o f  e x p e r i m e n t s  d e v e l o p e d  
t o  t e s t  t h e  e f f e c t  o f  oxygen on t h e  i n i t i a l  r a t e  o f  
r e a c t i o n .  P u r g i n g  t he  r e a c t i o n  m i x t u r e  w i t h  e i t h e r  
n i t r o g e n  o r  oxygen does n o t  g i v e  d i f f e r e n t  i n i t i a l  r a t e s  
f o r  o t h e r w i s e  i d e n t i c a l  r u n s .  Thus t h e  i n i t i a l  r e a c t i o n  
r a t e  i s  i n d e p e n d e n t  o f  t h e  oxygen c o n t e n t  o f  t h e  r e a c t i o n  
medium.
I n i t i a l  o r d e r s  i n t h e  p r i n c i p a l  r e a c t a n t s  a r e  f ound  
by use o f  t h e  f o l l o w i n g  r a t e  e x p r e s s i o n :
( 4 4 )  - l ô  = kexp ( F e ( I I ) ) ®  ( 1 0 ^ " ) ^  ( H + ) ^
( l 2 ) o
whe r e  ( F e ( I I ) ) ^  s t a n d s  f o r  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  
f e r r o u s - i o n  r a i s e d  t o  an u n d e t e r m i n e d  o r d e r  a.  A n a l o g o u s  
d e f i n i t i o n s  o f  t h e  t h r e e  r e m a i n i n g  t e r ms a p p l y ;  b ,  c ,  and 
d b e i n g  t h e  i n i t i a l  o r d e r s  i n  i o d a t e ,  h y d r o g e n - i  o n , and 
i o d i n e  r e s p e c t i v e l y .  kexp i s  t he  i n i t i a l  r a t e s  e x p e r i ­
me n t a l  r a t e  c o n s t a n t .  The unknown o r d e r  a i s  e v a l u a t e d  
by ma k i ng  a s e r i e s  o f  r u n s ,  each i n v o l v i n g  a d i f f e r e n t  
f e r r o u s - i o n  c o n c e n t r a t i o n .  I n i t i a l  c o n c e n t r a t i o n s  o f  
o t h e r  p r i n c i p a l  r e a c t a n t s  a r e  k e p t  c o n s t a n t  t h r o u g h o u t  
t h e  s e r i e s  o f  r u n s .  I n t h i s  manner  we g a t h e r  i n i t i a l  
r a t e  as a f u n c t i o n  o f  f e r r o u s - i o n  c o n c e n t r a t i o n  d a t a .
Iodine
ABS.
(Fe(II)) .0312 M0 . 6 0 0
.00413 M
0 . 5 0 0
Initial Rate = .0085 ABS units/min
0 . 3 0 0
0.200
0 . 1 5 0
0.100
0 . 0 5 0
0.000
4 . 0 12.00.0 8.0 16.0 20.0 2 4 . 0 2 8 . 0 3 2 . 0 3 6 . 0
Time (minutes)
Figure (3) : A plot of iodine absorbance versus time in minutes.
The slope of the line drawn through the points within the first 10
of reaction corresponds to the initial rate. Temperature = 30.0 ^ 
0
0.4 C, ionic strength = 1.5.
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TABLE I .
The effect of oxygen on the initial reaction rate.
oTemperature = 30.0 ± 0.2 C, ionic strength = 1.5.
Initial concentrations for trials 1 and 2 :
(IO,“ )o = 0.0043 M, (Fe(II)), = 0.015 M, (h "̂) „ = 1.0 M
Initial concentrations for trials 3 and 4 :
do,')» = 0.0043 M, (Fe(II))o = 0.046 M, (H"*") . = 1.0 M
Gas Present in
Trial NO. Reaction Medium (ABS/min.)
1 N 2 .0019
2 °2 . 0018
3 «2 .0155
4 °2 .0152
Initial Rate
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I f  kexp and t h e  c o n c e n t r a t i o n s  wh i c h  r e ma i n  c o n s t a n t  f r om  
run t o  run a r e  g a t h e r e d  i n t o  t h e  c o n s t a n t  k z a p ,  we 
a r r i v e  a t  e x p r e s s i o n  ( 4 5 ) .
( 4 5 )  - I q = kzap ( F e ( I I ) ) ®
kzap = kexp )^ (
E q u a t i o n  ( 4 5 )  may be r e a r r a n g e d  i n t o  t h e  f or m o f  e x p r e s s i o n
( 4 6 )  .
( 4 6 )  1 0 9 - | q( RATE)  = l o g ^ Q ( k z a p )  + a 1 o g -, q ( ( Fe ( I I  ) )  ̂ )
A p l o t  o f  1 og 1 Q ( RATE ) v e r s u s  1 o g -, q ( ( F e ( I I ) )  ̂) l e a d s  t o a 
s t r a i g h t  l i n e  o f  s l o p e  a.  S t r i c t l y  a n a l o g o u s  p r o c e d u r e s  
g i v e  t h e  r e m a i n i n g  o r d e r s  b ,  c ,  and d.  T y p i c a l  l o g - l o g  
o r d e r  p l o t s  a r e  i l l u s t r a t e d  i n f i g u r e s  ( 4 ) ,  ( 5 ) ,  and ( 6 ) .
The s l o p e s  o f  t h e  l o g - l o g  p l o t s  a r e  c a l c u l a t e d  by a l e a s t  
s q u a r e s  d a t a  f i t .
The r e s u l t s  o f  i n i t i a l  r a t e  s t u d i e s  f o r  runs i n wh i c h  
no i o d i n e  i s  i n i t i a l l y  p r e s e n t  i n  t h e  r e a c t i o n  medi um a r e  
s umma r i z e d  i n T a b l e  ( l l ) .  A t  a t e m p e r a t u r e  o f  3 0 . 0  + 0 . 4 ° C  
t he  i n i t i a l  r a t e  may be e x p r e s s e d  as:
( 4 7 )  -  I q  = kexp ( F e ( 1 1 ) ) ^ ’ ^ ( I O3 ‘ ) ° '
j 1 . 0 0 + .  03
In f i g u r e  ( 6 ) ,  i f  t h e  d a t a  p o i n t  a t  an a c i d  c o n c e n t r a t i o n  
o f  0 . 1  M i s  n e g l e c t e d  t h e  l e a s t  s q u a r e s  l i n e  t h r o u g h  t he  
r e m a i n i n g  d a t a  p o i n t s  g i v e s  an o r d e r  w i t h  r e s p e c t  t o  
h y d r o g e n - i o n  o f  1 . 0 0  . 0 3 .  The o r d e r  o f  1 . 1 5  + . 0 2  i n
1.0
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1.2
1 . 4
QJ
-M
nJ
^ 1.6 
r—j
(Ü
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Figure (4) : A plot of -log (initial rate) versus -log ( (Fe (II) ),,) .
The slope of the line as determined by a least squares method is the 
initial order in Fe(II). Temperature = 30.0 - 0.4''c, ionic strength
w
Co
= 1.5.
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Figure C5) : A plot of log (initial rate) versus log ((10, )„)
Temperature = 30.0 -  0.4 C, ionic strength = 1.5.
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Figure (6) : A plot of log (initial rate) versus log (h '̂ )o - The
slope as determined by a least squares method gives the order, c, 
in acid. The data point at the lowest acid concentration has been
, o
neglected in the order determination. Temperature = 30.0 - 0.4 C, 
ionic strength = 1.5.
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f e r r o u s - i o n  i s  f ound i n t h r e e  s e p a r a t e  d e t e r m i n a t i o n s ,  
whi ch  l e a d s  us t o  t h e  c o n c l u s i o n  t h a t  t h i s  n o n - i n t e g r a l  
o r d e r  i s  r e a l .  A n o n - z e r o  o r d e r  i n f e r r o u s - i o n  c o n t r a ­
d i c t s  t h e  c o n c l u s i o n  o f  M i t z n e r ,  e t .  a l . ,  t h a t  t h e  o r d e r  
in t h i s  r e a c t a n t  i s  z e r o .  The o r d e r s  w i t h  r e s p e c t  t o  
i o d a t e  and a c i d  a r e  s u f f i c i e n t l y  c l o s e  t o  one t h a t  t h e y  
p r o b a b l y  have t h i s  i n t e g r a l  v a l u e .
The summary o f  T a b l e  ( I I )  a l s o  shows t h a t  t h e  i n i t i a l  
o r d e r  i n  i o d i n e  i s  0 . 1 5  +_ . 0 2 .  T h i s  d e t e r m i n a t i o n  was 
of  c o u r s e  done i n  t h e  p r e s e n c e  o f  i n i t i a l l y  added i o d i n e .  
A p l o t  o f  i o d i n e  a b s o r b a n c e  v e r s u s  t i m e  f o r  a s e r i e s  o f  
i n i t i a l  i o d i n e  c o n c e n t r a t i o n s  i s  shown i n f i g u r e  ( 7 ) .
The p l o t  c l e a r l y  shows t h a t  i o d i n e  e nh a nc e s  t h e  i n i t i a l  
r a t e  o f  r e a c t i o n .
A n o t h e r  p e r t i n e n t  e x p e r i m e n t  i s  t h e  d e t e r m i n a t i o n  o f  
i n i t i a l  r e a c t i o n  o r d e r s  o f  i o d a t e ,  f e r r o u s - i o n ,  and 
h y d r o g e n - i o n  i n  t h e  p r e s e n c e  o f  i n i t i a l l y  added i o d i n e .  
The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  s umma r i z e d  i n  T a b l e  
( I I I ) .  The o r d e r s  i n F e ( I I )  and 1 0 ^ ” dr op  s i g n i f i c a n t l y  
f r om t h e i r  v a l u e s  when i o d i n e  i s  n o t  p r e s e n t  i n  t h e  
r e a c t i o n  m i x t u r e  i n i t i a l l y .  I o d a t e ,  i o d i n e ,  and f e r r o u s -  
i on must  t h e r e f o r e  be i n v o l v e d  i n t h e  o b s e r v e d  a u t o c a ­
t a l y s i s .  No d e t e r m i n a t i o n  o f  t h e  e f f e c t  o f  added i o d i n e  
on t h e  i n i t i a l  a c i d  de p e n d e n c e  was p e r f o r m e d .
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A summary of the initial orders in the reactants Fe(II), 
lO^ , and when no iodine is present in the reaction
omedium initially. Temperature = 30.0 ± 0.2 C, ionic 
strength = 1.5.
* The number in parenthesis next to a particular exper­
imental order is the number of runs which were done for 
that determination.
** The acid order is based on a linear least squares fit to 
all the data points but the one at lowest acid (.102 M) .
Range of 
(Fe (II)) o
Range of 
(103” )0
Range of 
(h“̂) ̂
Range of
(l2  ̂0
Initial 
orders a 
c f or d
.0886- . 0148 .00597 1.0 0 .00 a=1.13 (6) *
.0872-.00413 .00413 1.0 0 . 00 a=l.15 (10)
.0755-.00251 .00413 1.0 0 . 00 a=l.16 (12)
. 109 .0125-.00104 1-0 0- 00 b = 0 .99 (7)
. 0758 .00816-.0016 1.0 0 .00 b=0.98 (5)
.0385 .00414 1.32-.102 0 . 00 c = l .00 (8) *
.0165 .0104 1.0 0.000 d=0.14 (4)
-.000765
. 0355 .00412 1 . 0 0 .00
-.000567 d= 0.16 (4)
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Figure C7) : Kinetic runs at three different ini­
tial iodine concentrations. Temperature = 30.0 — 0.4
oC, ionic strenghth = 1.5.
Q  (I^)o = 0.00 M initial rate = .0084
-4
ABS
min
O (12)0 — 2.1x10 M initial rate = .0130
-4A  (12)0 = 5.7x10 M initial rate = .0151
TABLE I I I .
Initial orders in Fe(II) and 10^ in the presence of an initial iodine concentration.
0
Temperature = 30.0 ± 0.2 C, ionic strength = 1.5.
* The number in parenthesis next to an experimental order is the number of runs which 
were done for that order determination.
Range of 
(Fe(II))o
Range of 
(10^")0
Range of Range of
(I2 ) 0
Initial order 
(a or b)
.0971 - .0162 
.0543
.00569 
.0118 - .00196
1.0
1.0
.00037 a=0.94 (6) * 
b=0.89 {6}
w
LO
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2.  E x p e r i m e n t s  I n v o l v i n g  I o d i n e  E x t r a c t i o n
The a i m o f  t h e  e x t r a c t i o n  e x p e r i m e n t s  i s  t o d e t e r m i n e  
a r a t e  l aw d e s c r i b i n g  t he  e n t i r e  c o u r s e  o f  r e a c t i o n  when 
i o d i n e  i s  r emoved f r om t he  r e a c t i o n  medi um as soon as i t  
i s  f o r me d .  S i n c e  i o d i n e  i s  n o t  p r e s e n t  a t  any a p p r e c i a b l e  
c o n c e n t r a t i o n  d u r i n g  t he  c o u r s e  o f  t h e s e  e x p e r i m e n t s
_ 5
( 0 . 0  M < ( 12 ) < 4 . 7  X 10 M f o r  runs i n v o l v i n g  t h e  g r e a t e s t  
i o d i n e  p r o d u c t i o n ) ,  c o m p l i c a t i o n s  due t o a u t o c a t a l y s i s  
a r e  a v o i d e d .  The e x t r a c t i o n  e x p e r i m e n t s  c o v e r  a br oad  
r ange  o f  ( ( 10^ ) / ( F e ( I I ) ) ) ^  ( 0 . 2 7 - 2 0 8 ) ,  w h i l e  t h e  h y d r o g e n -  
i on c o n c e n t r a t i o n  r a nge s  be t we e n  0 . 5 5 6  M and 1 . 4 4  M.
a.  E x p e r i m e n t s  a t  l ow ( ( I O o~ ) / ( F e ( l I ) ) ) ^
At  l ow ( ( 10^"  ) / ( F e ( 1 1 ) ) )  ̂ ( < 4 . 0 )  t h e  r a t e  d a t a  wer e  
f i t  t o  a second o r d e r  r a t e  l aw o f  t h e  f o r m:
( 4 8 )  -  I q = k ( F e ( I I ) )  ( l O g ' )
wher e  t h e  r a t e  c o n s t a n t  k depends  on a c i d  c o n c e n t r a t i o n .
The i n t e g r a t e d  f o r m o f  e q u a t i o n  ( 4 8 )  i s  shown i n e q u a t i o n
( 4 9 ) .
( 4 9 )  - l o g  [ ( l O d O j ' ) ^  -  2 ( F e ( I I ) ) ^ ) / ( F e ( I I ) ) ] +  2]
= l o g  ( 2 ( F e ( I I ) ) ^ / ( I 0 3 " ) o )  +
l o g  [ 1 0 ( 1 0 3 ' ) ^  -  2 ( F e ( I I ) ) ^ ]  k+
A r e p r e s e n t a t i v e  p l o t  o f  d a t a  f i t  t o  e q u a t i o n  ( 4 9 )  i s  
shown i n  f i g u r e  ( 8 ) .  The s l i g h t  c onv e x  c u r v a t u r e  o f  t h i s
1.70CN
1.60
1.50
(Fe(II)) 0458 M.40
.0137 M
.30
1 . 20
00
1 . 1 0
1 .00
0.0 50.0 100.0 150.0 200.0
Time (minutes)
Figure (8): A typical plot of data fit to the second order
integrated rate law of equation (49). Temperature = 30.0 -
o
0.2 C, ionic strength = 1.5 M.
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p l o t  away f r om a s t r a i g h t  l i n e  i s  c h a r a c t e r i s t i c  o f  l ow 
( ( I O ^ " ) / ( F e ( I I ) ) ^  e x p e r i m e n t s ,  and p r o b a b l y  a r i s e s  f r om  
a u t o c a t a l y s i s  by r e s i d u a l  i o d i n e .  A t  t h e  h i gh  i n i t i a l  
f e r r o u s - i o n  c o n c e n t r a t i o n  o f  t h e s e  r uns  ( > . 0 1 2 7  M) an 
a p p r e c i a b l e  amount  o f  i o d i n e  i s  p r o d u c e d .  At  2 5 ° C t h e  
p a r t i t i o n  c o e f f i c i e n t  o f  i o d i n e  be t we e n  w a t e r  and c a r b on  
t e t r a c h l o r i d e  i s  8 5 .  T h e r e f o r e ,  a s i g n i f i c a n t  amount  o f  
i o d i n e  i s  n o t  e x t r a c t e d  f r om t h e  a queous  r e a c t i o n  l a y e r  
i n t o  c a r b o n  t e t r a c h l o r i d e  r e s u l t i n g  i n a r e a c t i o n  r a t e  
a c c e l e r a t e d  beyond t h a t  p r e d i c t e d  by e q u a t i o n  ( 4 8 ) .
T a b l e  ( I V ) s umma r i z e s  t h e  v a l u e s  o f  k c a l c u l a t e d  f o r  
a s e r i e s  o f  e x p e r i m e n t s  i n wh i c h  t h e  a c i d  c o n c e n t r a t i o n  
was m a i n t a i n e d  a t  a c o n s t a n t  v a l u e  n e a r  one m o l a r .  The  
a b s o l u t e  v a l u e  f o r  t h e  a c i d  c o n c e n t r a t i o n  was n o t  d e t e r ­
mi n e d .  These  e x p e r i m e n t s  c o v e r e d  an ( ( I O ^ ' ) / ( F e ( I I ) ) ) ^  
r a n g e  f r om 0 . 1 7  t o  3 . 1 2 .  An e x a m i n a t i o n  o f  T a b l e  ( I V )  
shows t h a t  k does n o t  v a r y  s y s t e m a t i c a 11 y w i t h  e i t h e r  
i n c r e a s i n g  i o d a t e  o r  f e r r o u s - i o n  c o n c e n t r a t i o n .  The  
a v e r a g e  v a l u e  o f  k f o r  t h e s e  e x p e r i m e n t s  i s  1 . 2 3  sec
w i t h  a mean d e v i a t i o n  o f  . 0 4  s e c " ^ . Based on t h i s
s ma l l  v a l u e  f o r  t h e  mean d e v i a t i o n  and t h e  abs e nc e  o f  
any t r e n d s  w i t h i n  t h e  gr oup o f  k v a l u e s  we c o n c l u d e  t h a t  
t h e  r a t e  o f  r e a c t i o n  ( 1 ) a t  l ow ( ( I ) / ( F e ( 1 1 ) ) )  ̂
f o l l o w s  t h e  second o r d e r  r a t e  l aw i n  e q u a t i o n  ( 4 8 ) .  T a b l e  
( I V ) a  1 so l i s t s  k v a l u e s  f o r  e x p e r i m e n t s  i n  t he  l ow
TABLE IV .
Values for the rate constants k and k' for the low ( (10^”)/(Fe(II))  ̂ iodine extraction
0
experiments. Temperature = 30.0 ± 0.2 C, ionic strength = 1.5.
* Indicates runs for which the acid concentration is close to 1.0 M, but was not analyzed 
accurately. All runs marked with an * were run at the same acid concentration near 1.0 M.
(I0 3")/(Fe(II)) (Fe(II) )0 (lOj"), (H+),
.17 .0808 .0137 1.0*
.20 .0521 .0104 1.0*
.31 . 0467 .0147 1.0*
.30 .0458 .0137 1.0*
.63 .0232 .0147 1.0*
3.12 .0127 .0397 1.0*
.66 .0246 .0162 1.13
.48 . 0270 .0129 1.41
.45 .0396 .0180 1.13
.34 . 0689 .0234 .564
.27 .0477 .0130 .867
+ 3  - 1  “ 1kxlO (M s ) +3 -2 -1k'xlO (M s )
1.29
1.29
1.19 
1.21
1.19 
1.22
1.07 
1.48
1.07 
.528 
.867
.944
1.05
.944
.937
1.02 CO
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( ( l O g " ) / ( F e ( I I ) ) ) ^  r a n g e  f o r  wh i c h  t h e  a c i d  c o n c e n t r a t i o n  
i s  a c c u r a t e l y  known.
b.  E x p e r i m e n t s  a t  h i g h  ( ( I O o ~ ) / ( F e ( I I ) ) ) ^
At  h i g h e r  ( ( I O ^ " ) / ( F e ( I I ) ) ) ^  t h e  c o n c e n t r a t i o n  v e r s u s  
t i m e  d a t a  a r e  t r e a t e d  a c c o r d i n g  t o  t h e  pseudo f i r s t  o r d e r  
r a t e  l aw o f  e q u a t i o n  ( 5 0 ) .
( 5 0 )  -  I q = kp ( F e ( I I ) )
kp i s  a pseudo f i r s t  o r d e r  r a t e  c o n s t a n t  whose v a l u e  i s  
d e p e n d e n t  on a c i d  c o n c e n t r a t i o n  as w e l l  as i o d a t e - i o n  
c o n c e n t r a t i o n .  The i n t e g r a t e d  f o r m o f  e q u a t i o n  ( 5 )  i s  
shown i n  e q u a t i o n  ( 5 1 ) .
( 5 1 )  - I n  ( F e ( I I ) )  = ( F e ( I I ) ) ^  - l O k p t
T y p i c a l  p l o t s  o f  e x p e r i m e n t a l  d a t a  f i t  t o  e q u a t i o n  ( 5 1 )  
a r e  i l l u s t r a t e d  i n f i g u r e s  ( 9 )  and ( 1 0 ) .  T h e i r  l i n e a r i t y  
i s  c h a r a c t e r i s t i c  o f  a l l  f i r s t  o r d e r  p l o t s  o f  d a t a  f o r  
r u n s  a t  h i g h  ( ( I O g " ) / ( F e ( I I ) ) ) ^ .  kp i s  e v a l u a t e d  f r om t h e  
s l o p e  o f  t h e  l e a s t  s q u a r e s  l i n e  t h r o u g h  t h e  d a t a .  I n  
e q u a t i o n  ( 5 0 )  kp has t h e  f o l l o w i n g  i o d a t e  de p e nd e nc e .
( 5 2 )  kp = k ( l O g - ) f
whe r e  f  i s  an unknown o r d e r  i n i o d a t e  and k i s  a ( f  + 1 ) 
o r d e r  r a t e  c o n s t a n t  d e p e n d e n t  on a c i d  c o n c e n t r a t i o n .
F i g u r e  ( 1 1 ) i s  a p l o t  o f  l og  ( k p )  v e r s u s  l og ( ( l O^,  )  ̂ ) 
a t  an a c i d  c o n c e n t r a t i o n  o f  1 . 1 3  + .03 M. The l e a s t  s q u a r e s  
s l o p e  o f  t h i s  l i n e  g i v e s  a v a l u e  f o r  f  e qua l  to 1 . 0 6  . 0 4
Values of  k f o r  each r un a r e  c a l c u l a t e d  by d i v i d i n g  kp f o r
H
H
Q)
k
CH
(Fe(lD) .00078 M
.0515 M
1.43 M
-1-57.0 7.71 X  10 sec
8.0
9.0
0.0 20.010.0 30.0 50.040.0
Time (minutes)
Figure (9) ; A typical plot of rate data fit to equation (51).
The slope as determined by a linear least squares data fit is
,  0
10(kp). Temperature = 30.0 * 0.2 C, ionic strength = 1.5.
4S.
cn
(Fe(lD) .0006 M
.0502 M
.572 M
-5 -1sec
H
10 .0  "■  
0.0 20 .0 40.0 60.0 80.0 100.0 120.0
Time (minutes)
Figure (10) : A typical plot of rate data fit to equation (51).
The slope as determined by a linear least squares data fit is
, o
10(kp). Temperature = 30.0 * 0.2 C, ionic strength = 1.5.
cn
slopé = 1.06 - .03 = iodate order
- 4 . 6  ■'
-4 . 1
- 4 . 0
1.5 1.61.3 1.4 1.71.2
log
Figure (11) ; A plot of log (k̂ ) versus log ((lO^ )o) ^or extraction
experiments in which the acid concentration is 1.13 - .03 M. The
slope of this plot equals the order in iodate for runs of high ((lO^ )/
, 0
(Fe(lI)))o* Temperature = 30.0 ^ 0.2 C, ionic strength = 1.5.
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t h a t  r un by t h e  i n i t i a l  i o d a t e  c o n c e n t r a t i o n .  T a b l e  ( V j  
l i s t s  t h e  v a l u e s  o f  kp and k f ou nd  f o r  each r un i n t h e
h i g h  { ( l O j "  ) / ( Fe  ( 11 ) ) )|  ̂ r a n g e .
c.  Ra t e  l aw d e s c r i b i n g  a l l  e x t r a c t i o n  r uns  
Ov e r  t h e  e n t i r e  r a n ge  o f  ( ( I O ^ " ) / ( F e ( I I ) ) ) ^  t h e  
r a t e  l a w f o r  t h e  o x i d a t i o n  may be w r i t t e n  as:
( 5 3 )  -  yq = k ( F e ( I I ) )  ( 1 0 3 ’ )
wh e r e  k may depend on t he  c o n c e n t r a t i o n  o f  a c i d .  I t  i s
c l e a r  f r o m T a b l e s  ( I V ) a n d  ( V)  t h a t  t h e  v a l u e  o f  k i n c r e a s e s
as t h e  h y d r o g e n - i o n  c o n c e n t r a t i o n  i n c r e a s e s .  I n o r d e r  t o  
d e t e r m i n e  t h e  a c i d  de p e nd e nc e  o f  k we p l o t  a l l  ou r  d a t a  
as I n  ( k )  v e r s u s  I n  ( H ^ ) .  The l e a s t  s q u a r e s  s l o p e  o f  
t h e  I n - l n  p l o t  i s  t h e  o r d e r  i n a c i d  c o n c e n t r a t i o n .  T h i s  
p l o t  i s  shown i n  f i g u r e  ( 1 2 ) .  The d e p e n d e n c e  o f  k on
a c i d  o v e r  t h e  c o n c e n t r a t i o n  r a n g e  . 5 5 6  M t o  1 . 4 4  M i s
1 . 0 8  ^  . 1 0  as shown i n e q u a t i o n  ( 5 4 ) .
(54) k = k' (H"̂ ) ̂ 1 0
k ' r e p r e s e n t s  a t h i r d  o r d e r  r a t e  c o n s t a n t .  T h e r e f o r e ,  
t h e  r a t e  l a w d e s c r i b i n g  t h e  k i n e t i c s  o f  o x i d a t i o n  i s :
( 5 5 )  -  I q = k' ( I O 3 - )  ( F e ( l D )  (H+)
f o r  h y d r o g e n - i o n  c o n c e n t r a t i o n s  be t we e n  0 . 5 5 6  M and 
1 . 4 4  M. V a l u e s  o f  kp,  k, and k ' f o r  each r un a r e  l i s t e d  
i n  T a b l e s  ( I V ) a n d  ( V ) .  The a v e r a g e  v a l u e  o f  k ' based on
TABLE V .
Values of k, and k* for iodine extraction experiments of high ((lOg )/(Fe(II))o«
0
Temperature = 30.0 ± 0.2 C, ionic strength = 1.5.
( ( I 0 3 “ ) / ( F e ( I I ) ) ) o ( F e ( I I ) ) o ( l O j ' i o (H+) 0
+ 5 -1 kpXlO (s )
- 1  - 1
kxlO (M s ) k'xlO'^ (M
8 . 00292 . 0225 1. 13 2 . 62 1 . 2 2 1. 08
12 . 00281 . 0342 1. 13 3 . 90 1 . 09 0 . 97
66 . 00078 . 0515 1. 43 7 . 72 1 . 46 1 . 0 2
70 . 00063 .0444 1 . 1 1 5 . 0 2 1 . 1 1 1 . 0 0
72 . 00068 . 0487 . 556 2 . 75 0 . 51 0 . 9 1
74 . 00058 .0429 1. 39 6. 60 1 . 60 1 . 1 5
78 . 00063 . 0493 .867 4. 58 0. 92 1 . 06
78 . 00063 .0493 . 867 4. 30 0 . 90 1 . 04
79 .00068 .0534 1. 16 7. 00 1 . 29 1 . 1 2
82 . 00065 .0534 1. 16 7. 20 1 . 32 1 . 15
84 . 00060 .0502 .572 2 . 75 0. 52 0 . 91
85 .00062 . 0525 . 834 4. 40 0 . 85 1 . 0 2
-P:*kO
Continued
TABLE V
( (I0 3 “)/(Fe(II) ) ) , (Fe(II)), (1 03“ )0 (H+)o kpXl0^^(s
+3 -1 -1 kxlO (M s ) + 3 -2 - k'xlO (M'
94 .00075 .0708 .578 4.74 0.67 1.16
94 .00078 .0708 .578 4.77 0 . 6 8 1.18
99 .00051 . 0505 1 . 1 1 6.07 1.18 1.06
111 .00051 .0564 1 . 1 1 5.97 1.04 0.93
114 .00040 .0457 1.44 7.53 1 . 6 6 1.15
114 .00040 .0457 1.44 7.52 1.56 1.08
208 .00028 . 0583 .858 5.32 0.90 1.05
52 . 00110 .0584 .896 5.38 0.92 1.03
109 .00040 .0436 1.14 5.00 1.15 1 . 0 1
Mean k' = 1.05(±.07)x 10"^m "^s"^
cn
O
51
slope 1. 08 . 10
- 3 . 0  - -
- 1.0
+In CCH'lo)
Figure (12) : Plot of In (k) versus I n ((H^)^) .
The least squares slope of the line through the
data is the order in acid. Data points at acid
concentrations below 0.50 M have been neglected
, oin the determination. Temperature = 30.0 - 0.2 C 
ionic strength = 1 .5 .
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a l l  r u n s  i n  wh i c h  t h e  a c i d  c o n c e n t r a t i o n  i s  a c c u r a t e l y  
known i s  1 . 0 5  + . 0 7  x 1 0 ”  ̂ s e c " ^ .
Be l ow an a c i d  c o n c e n t r a t i o n  o f  0 . 5 5 6  M our  r a t e  d a t a  
becomes i n c o n s i s t e n t  and i r r e p r o d u c i b l e .  These  pr ob l e ms  
r e s u l t  f r o m t h e  p r e c i p i t a t i o n  o f  f e r r i c  i o d a t e ,  F e ( 10 ^ ^ , 
wh i c h  seems t o  be f a v o r e d  a t  l ow pH. A l l  r uns  a t  a c i d  
c o n c e n t r a t i o n s  be l ow 0 . 5 5 6  M r e s u l t e d  i n t he  f o r m a t i o n  
of  f e r r i c  i o d a t e .
I n i t i a t i o n  o f  r e a c t i o n  ( 1 )  u n d o u b t e d l y  i n v o l v e s  an 
e q u i l i b r i u m  be t we e n  i o d a t e ,  h y d r o g e n - i o n ,  and i o d i c  a c i d .
I n t h e  pH r a n g e  w i t h i n  wh i c h  t h e  f i r s t  o r d e r  a c i d  
d e p e n d e n c e  h o l d s  a l m o s t  a l l  i o d a t e  i s  comp 1 exed as i o d i c  
a c i d ,  t h e r e f o r e  t h e  i o d i c  a c i d  e q u i l i b r i u m  c a n n o t  be 
r e s p o n s i b l e  f o r  t h e  f i r s t  o r d e r  a c i d  d e p e n d e n c e .  At  l o w e r  
a c i d i t i e s  t h e  o r d e r  i n  a c i d  must  r i s e  t o  v a l u e s  a p p r o a c h  i ng 
two as t h e  i o d i c  a c i d  e q u i l i b r i u m  becomes i m p o r t a n t .  T h i s  
c o n c l u s i o n  i s  s u p p o r t e d  by f i g u r e  ( 6 ) wh i c h  shows a r i s e  
i n i n i t i a l  a c i d  o r d e r  a t  l ow a c i d  c o n c e n t r a t i o n s .  The 
f o r m o f  t h e  r a t e  l aw a t  l ow a c i d i t i e s  i s  most  l i k e l y :
( 5 6 )  -  I q-  ̂  ̂g t   ̂  ̂  ̂  ̂  ̂ k r a t e  ( H^ )  ̂ ( F e ( I I ) )  ( 10^  )
E q u a t i o n  ( 5 6 )  a p p l i e s  t o  r uns  a t  l ow a c i d i t i e s  i n wh i c h  
i o d i n e  i s  e x t r a c t e d .
d . Per ch  1 o r a t e - i o n  d e p e n d e n c e
M y e r s '  and K e n n e d y ' s  o b s e r v a t i o n s  t h a t  t h e  r a t e  o f  
e x c h a n g e  o f  i o d i n e  a t oms b e t we e n  i o d a t e  and m o l e c u l a r
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i o d i n e  depends  on t h e  p e r c h l o r a t e - i o n  c o n c e n t r a t i o n  r a i s e s  
t h e  p o s s i b i l i t y  o f  a p e r c h l o r a t e - i o n  depe nde nc e  on t h e  
r a t e  o f  r e a c t i o n  ( 1 ) .  T a b l e  ( V I )  compar es t h e  r a t e  
c o n s t a n t  k ' me a s ur e d  f o r  two r u n s .  Run number  ( 1 ) i s  run  
a t  an i o n i c  s t r e n g t h  o f  0 . 9 0  and a pe r c h  1 o r a t e - i  on c o n ­
c e n t r a t i o n  o f  0 . 9 0  M. Run ( 2 )  i s  i d e n t i c a l  t o  r un ( 1 )  
e x c e p t  t h a t  t h e  i o n i c  s t r e n g t h  i s  now 1 . 5 0  and t h e  
p e r c h l o r a t e - i  on c o n c e n t r a t i o n  i s  1 . 5 0  M. k'  f o r  r uns  ( 1 ) 
and ( 2 ) a r e  e s s e n t i a l l y  i d e n t i c a l ,  any d i f f e r e n c e s  
p r o b a b l y  a r i s i n g  f r o m i o n i c  s t r e n g t h  d i f f e r e n c e s .  T h e r e ­
f o r e ,  t h e  r a t e  o f  r e a c t i o n  ( 1 ) i s  i n d e p e n d e n t  o f  t he  
p e r c h l o r a t e - i  on c o n c e n t r a t i o n  f o r  e x p e r i m e n t s  in wh i c h  
i o d i n e  i s  c o n t i n u o u s l y  e x t r a c t e d  f r om t he  r e a c t i o n  medi um.
3.  I o d i n e  A c c u m u l a t i o n  E x p e r i m e n t s
T h r e e  i o d i n e  a c c u m u l a t i o n  r uns  wer e  c a r r i e d  o u t .
These  r uns  span a r a n g e  o f  ( ( I 0 ^ ~  ) / ( F e ( 1 1 ) ) )  ̂ f r om 2 . 5  
t o 1 1 . 8 .  These  e x p e r i m e n t s  a r e  i m p o r t a n t  t o t h e  d e v e l o p ­
ment  o f  a mechani sm f o r  r e a c t i o n  ( 1 ) by n u m e r i c a l  
s i m u l a t i o n .
F i g u r e  ( 1 3 )  i s  a p l o t  o f  two k i n e t i c  r u n s ,  i d e n t i c a l  
i n  a l l  r e s p e c t s  e x c e p t  t h a t  i n one i o d i n e  a c c u m u l a t e s  i n  
t h e  r e a c t i o n  medi um w h i l e  i n  t h e  o t h e r  i t  i s  c o n t i n u o u s l y  
e x t r a c t e d  f r o m t h e  r e a c t i o n  medi um.  T h i s  p l o t  c l e a r l y  
shows t h e  a c c e l e r a t i n g  e f f e c t  i o d i n e  has on t he  r e a c t i o n  
r a t e  as w e l l  as t h e  c h a r a c t e r i s t i c  S - s h a p e  o f  a u t oe  a t a  - 
l y t i c  d a t a .
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TABLE V I .
The effect of perchlorate-ion concentration on the rate 
constant of equation (55). Iodine was continuously extract­
ed from the reaction medium for each of these runs. The 
ionic strength is 0.90 for run #1 and 1.50 for run #2.
Temperature = 30.0 ± 0 .2 '̂c.
(Fe(II))o = - 0011 M
(10, )o = .0584 M
(h "̂) o = 0 .90 M
RUN (cio^ )o +1 —2 —1 k'xlO M sec
1 0.90 M 0.968
2 1. 50 M 1. 03
H
H
0)
k
(Fe(II)) .0028 M
.0225 M
1.13 M
8.0
7.0
6. 0
90.080.0 100.070.050.0 60.030.0 40 .010.00.0
Tïme (minutes)
Figure (13) : Plot of two identical kinetic runs except that
iodine was continuously extracted from the reaction medium for the 
run resulting in the linear plot, while it was allowed to accumulate 
for the run resulting in the curved plot.
cncn
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B. DISCUSSION
A mechani sm f o r  r e a c t i o n  ( 1 )  1s now proposed.  Al l  
c o n c e i v a b l y  I m p o r t a n t  e l e me n t a r y  s t eps t h a t  may l ead to 
r e a c t i o n  ar e  c o n s i d e r e d .  When p o s s i b l e  a d i s c u s s i o n  of  
p e r t i n e n t  r a t e  da t a  f rom t he l i t e r a t u r e  is p r e s e n t e d ,  
and r a t e  c o n s t a n t s  a r e  a s s i gne d to e l e me n t a r y  pr ocesses .  
In the nume r i c a l  s i m u l a t i o n  d i v i s i o n  of  t h i s  s e c t i o n  the  
pr ocedur e  used I n e v a l u a t i n g  t he  I mpor t ance  of  e l e me n t a r y  
st eps t o t he mechani sm i s  d i s c u s s e d .  Any mechanism 
put  f o r t h  f o r  t he  o x i d a t i o n  must  e x p l a i n  a l l  e x p e r i me n t a l  
f a c t s .
1 . F i r s t  m e c h a n i s t i c  pr oposa l  
The f i r s t  me c h a n i s t i c  pr oposa l  c o n s i s t s  of  t he  
f o l l o w i n g  e l e m e n t a r y  pr ocesses:
K,
( 5 7 )  + lOg"
( 5 8 )  HI O3 +
57 ^  HIO"ST
K58.
K59^  IOg + H^O + F e ( I I I )  ( r a t e( 59)  Hg I O3 + F e ( I I )
limiting)
( 6 0 )  lOg + F e ( I I )  + ^  HO 10 + F e ( I I I )
( 6 1 )  HOIO + F e ( I I )  + H"̂  -------- ^  10 + F e ( I I I )  + H^O
( 6 2 )  10 + F e ( I I )  + ^  HOI + F e ( I I I )
( 6 3 )  HOI + F e ( I I )  + h "̂ -------- ^  %Ig + F e ( I I I )  + HgO
( 6 4 )  Ig + HgO -- HOI + I '  + H
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+
( 6 5 )  HOIO + I '  + h "̂  ^  2H0I
"X--------
( 6 6 )  I O 3 * + HOIO + H"̂  ^  2 I 0 g + HgO
( 6 7 )  2 H 0 I 0   ^  I O 3 '  + HOI + H'^
( 6 8 )  1 0 , '  + r  + 2H -------^  HOIO + HOI
A l l  chemi ca l  s pe c i e s  of  t he mechanism are under st ood to 
e x i s t  i n aqueous medi a.  The s pe c i e s  I " ,  HOI ,  I ^ , and 10^" 
a r e  known to e x i s t  in aqueous medi a ,  and t hese spec i es  
a r e  l i k e l y  i n v o l v e d  in t he mechani sm of  r e a c t i o n  ( 1 ) .  
Ami chai  and T r e i n i n ^ ^  have shown t he  e x i s t e n c e  of  10 and 
lOg r a d i c a l s  in f l a s h  p h o t o l y s i s  s t u d i e s  of  aqueous Na10 
and NaIOg s o l u t i o n s .  No d i r e c t  e v i d e n c e  suggest i ng the  
e x i s t e n c e  of  HOIO or  H^^10^ in aqueous medi a i s  a v a i l a b l e .
The e x i s t e n c e  of  on l y  t he monomer i c spec i es  10^ ,
H I O^ , H^^I O^,  l O g , HOIO,  10,  HOI ,  I " ,  and d i me r i c  spec i e  
12 a r e  r e c o g n i z e d  in t he  mechani sm.  These o x y i o d i n e  
compounds ar e  l i k e l y  i mp o r t a n t  to t he  k i n e t i c s  of  r e a c t i o n  
( 1 ) because e l e me n t a r y  pr ocesses  i n v o l v i n g  t he anal ogous  
oxybr omi ne  s p e c i e s  have been shown to be i mp o r t a n t  in 
e x p l a i n i n g  t he  k i n e t i c s  o f  many oxybr omi ne  systems.
D i me r i c  s pe c i e s  such as H ^ I a n d  IgOg ar e  not  
c o n s i d e r e d  i n t he  mechanism a l t h o u g h  F u r u i c h i  and 
L i e b h a f s k y ^  sugges t  them as i n t e r m e d i a t e s  in the Dushman 
Re a c t i o n  and L i e b h a f s k y  and Wu^^ sugges t  them as i n t e r ­
me d i a t e s  i n t h e i r  mechanism f o r  t he  B r a y - L i e b h a f s k y
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R e a c t i o n .  No d i r e c t  e v i d e n c e  s ug ge s t i ng  t he e x i s t e n c e  
of  d i m e r i c  o x y i o d i n e  i n t e r m e d i a t e s  i s  a v a i l a b l e ,  and we 
do not  need to i nv ok e  them in o r d e r  to e x p l a i n  t he
k i n e t i c s  of  r e a c t i o n  ( 1 ) .
We assume t h a t  p r ot on  exchange to and f rom oxygen and 
i o d i n e  i s  e x t r e m e l y  r a p i d ,  and t h e r e f o r e  a l l  st eps o f  the  
mechanism ar e  b i mo 1 ecu 1 a r . For  i n s t a n c e ,  st ep ( 63)  may 
be w r i t t e n  e i t h e r  as:
( 6 9 )  HOI + ------ ^  Hg'^OI
( 7 0 )  H2 ‘̂ 0 I + F e ( I l )  -------- + F e ( I I I )  + H^O
or  a s ,
( 7 1 )  HOI + F e ( I I )  %Ig + F e ( I I I )  + OH"
( 7 2 )  OH" + h "̂ ^ HgO
A l l  s t eps of  t he mechani sm can t h e r e f o r e  be w r i t t e n  as a 
s e r i e s  o f  b i m o l e c u l a r  e l e me n t a r y  pr oc e s s e s .
The f i r s t  two s t eps  of  t he mechanism are e q u i l i b r i a  
i n v o l v i n g  s uc c e s s i v e  p r o t o n a t i o n s  o f  i o d a t e .  Assuming t h a t  
st eps ( 5 7 )  and ( 5 8 )  a r e  a t  e q u i l i b r i u m ,  t h a t  s t ep ( 5 9 )  is 
r a t e  l i m i t i n g ,  and t h a t  t he r e ma i n i n g  st eps are r a p i d .
t he f o l l o w i n g  r a t e  l aw i s  p r e d i c t e d  by the mechanism:
( 7 3 ) 1_ 6 ( Fe (  11 ) ) _ '^59'^57'^58 ^^*^3  ̂  ̂ ( F e ( I I ) )
[ 1  + K57 ( H" ^ ) ]  [ 1  + Kgg (H"^) ]
where kgg i s t he  r a t e  c o n s t a n t  f o r  s t ep ( 5 9 ) ,  and Kgy and 
Kgg ar e  e q u i l i b r i u m  c o n s t a n t s  f o r  s t eps  ( 57)  and ( 5 8 )  
r e s p e c t i v e l y .  In t he d e r i v a t i o n  o f  e qu a t i o n  ( 7 3 )  st eps
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i n v o l v i n g  I^ a r e  i g n o r e d ,  and i t  t h e r e f o r e  a p p l i e s  onl y  
to i o d i n e  e x t r a c t i o n  e x p e r i me n t s .  Assuming K^g (H^)  to 
be smal l  compared to one,  Kgy ( )  w i l l  domi nat e the  
d e nomi na t or  o f  e q u a t i o n  ( 7 3 )  a t  hi gh a c i d i t i e s .  T h e r e f o r e ,  
a t  hi gh a c i d i t i e s  a f i r s t  o r de r  a c i d  dependence shoul d  
p r e v a i l ,  j u s t  as f ound e x p e r i m e n t a l l y . At  l ower  a c i d i t i e s ,  
Kgy ( H^)  becomes l e s s  i mp o r t a n t  and t he ac i d  dependence  
shoul d r i s e .  These l i m i t i n g  forms f o r  the r a t e  laws are  
gi ven i n e q u a t i o n s  ( 7 4 )  and ( 7 5 ) .
(7 4 ) .  M f e m i l  = ( H+)  ( I O 3 - )  ( F e ( l D )
( Hi gh a c i d i t i e s )
■ To  ̂ ô t  ^  " *^57*^56*^55  ̂ ( F e ( I I ) )
(Low a c i d i t i e s )
In e q u a t i o n  ( 7 3 )  Kgg must  be smal l  or  e l s e  z e r o t h  o r de r
dependence on a c i d  w i l l  occur  a t  hi gh a c i d i t i e s ,  somethi ng
t h a t  i s not  obser ved e x p e r i me n t a l  1 y .
St ep ( 5 7 )  i s  an e q u i l i b r i u m  between i o d a t e  and i o d i c
a c i d .  At  30°C i t s  e q u i l i b r i u m  c o n s t a n t  i s 5 . 75  M ^ .
Assuming t he  p r o t o n a t i o n  of  i o d a t e  i s  d i f f u s i o n  c o n t r o l l e d ^
a v a l u e  of  1 x 1 0 ^^ M”  ̂ sec"^ can be ass i gned to k g y .
On t he ba s i s  of  Kgy = 5 . 7 5  M " \  t he r e v e r s e  r e a c t i o n  must
9 -1have a r a t e  c o n s t a n t ,  k g y , o f  1 . 7 4  x 10 sec
St ep ( 5 8 )  i s  t he  r e v e r s i b l e  p r o t o n a t i o n  of  i o d i c  
a c i d .  Th i s  e q u i l i b r i u m  has been p o s t u l a t e d  as bei ng  
i m p o r t a n t  in t he mechani sm o f  bot h t he i o d i n e - i o d a t e
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exchange r e a c t i o n  and t he Dushman R e a c t i o n .  Both
i n v e s t i g a t i o n s  p o s t u l a t e  an a c i d  i nduced d i s s o c i a t i o n  of  
i o d i c  a c i d  i n t o  wa t e r  and I , as in e q u a t i o n  ( 7 6 ) .
( 7 6 )  H I O3 + ^  lOg'*' + H^O
N e i t h e r  account  r e p o r t s  an e q u i l i b r i u m  c o n s t a n t  f o r  e qu a t i o n
( 7 6 ) .  Equa t i on s  ( 5 8 )  and ( 7 6 )  a r e  e s s e n t i a l l y  i d e n t i c a l ,
and i t  c annot  be d e t e r mi ne d  k i n e t i c a l l y  whet her  10^^ or
10^ i s  i n v o l v e d  in t he e q u i l i b r i u m .  The e q u i l i b r i u m
c o n s t a n t  f o r  s t ep ( 5 8 )  must  be chosen s u f f i c i e n t l y  smal l
to i n s u r e  t h a t  t he mechanism d o e s n ' t  p r e d i c t  z e r o t h  o r de r
a c i d  dependence a t  hi gh a c i d i t i e s .  i s  chosen as 0 . 1  M ^
to c i r c u mv e n t  t h i s  pr obl em.
The r a t e  l i m i t i n g  s t ep  f o r  k i n e t i c  runs in which
i o d i n e  i s  c o n t i n u o u s l y  e x t r a c t e d  f rom t he r e a c t i o n  medium
i s s t ep  ( 5 9 ) .  Based on t he v a l ue  o f  0 . 1  M  ̂ chosen f o r
2 1Kgg and , 0 0 1 0 5  M" sec" f ound f o r  t he e x p e r i me n t a l  r a t e  
c o n s t a n t  k ' a v a l ue  f o r  kgg of  . 026  s e c ”  ̂ i s r e q u i r e d
to d e s c r i b e  e x pe r i me nt s  i n t he a c i d  c o n c e n t r a t i o n  range  
0 . 5 5 6  M to 1 . 4 4  M. Of  c our se  t h i s  v a l u e  f o r  kgg depends 
on t he  v a l u e  chosen f o r  t he e q u i l i b r i u m  c o n s t a n t  of  st ep
( 5 8 ) ,  i f  Kgg i s l ower ed kgg woul d have to be i n c r e a s e d .
St eps ( 6 0 )  t h r u  ( 6 3 )  a r e  s u c c e s s i v e ,  i r r e v e r s i b l e  
o n e - e l e c t r o n  o x i d a t i o n s  o f  f e r r o u s - i o n  by u n s t a b l e  
o x y i o d i n e  i n t e r m e d i a t e s  l e a d i n g  to the p r o d u c t i o n  of  
i o d i n e .  Compared to s t ep ( 5 9 )  a l l  of  t hese  o n e - e l e c t r o n  
t r a n s f e r s  a r e  r a p i d .  A f e e l i n g  f o r  t h e i r  r a p i d i t y  i s
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ga i ned by c o n s i d e r a t i o n  of  t he r a t e  c o n s t a n t  f o r  t he  
o x i d a t i o n  o f  c e r i um ( I I I )  by t he bromi ne d i o x i d e  r a d i c a l :
( 77 )  ( a q ) + Br O^( a q ) + C e ( I I I ) ( a q )   ------^  C e ( I V ) ( a q )
+ HOBrO( a q )
The f o r w a r d  r a t e  c o n s t a n t  f o r  r e a c t i o n  ( 7 7 )  a t  25°C i s
estimated to be 6.5 x 10^ M  ̂ sec \  Because oxyiodine compounds
are g e n e r a l l y  more r e a c t i v e  than oxybromi ne compounds and
because f e r r o u s - i o n  and c e r o u s - i o n  are  both good r educ i ng
a g e n t s ,  we e x p e c t  s t eps ( 6 0 )  t h r u  ( 6 3 )  to have r a t e
+ 5 _ 2 _ 1
c o n s t a n t s  r a n g i n g  somewhere between 1 x 10 M sec"  
and a d i f f u s i o n  c o n t r o l l e d  v a l u e  of  1 x 1 0 ^^ M"^ s e c " ^ .
St eps ( 6 4 )  t h r u  ( 6 8 ) a l l  i n v o l v e  oxygen atom t r a n s f e r  
between o x y i o d i n e  compounds.  A l l  of  t hese  r e a c t i o n s  may 
c o n t r i b u t e  to t he  e v o l u t i o n  of  r e a c t i o n  ( 1 ) in l i g h t  of  
t he f a c t  t h a t  t he ana l ogous oxybromi ne r e a c t i o n s  a r e  we l l  
c h a r a c t e r i z e d .  Ev i dence  i n f a v o r  of  t he oxybromi ne a n a l -  
ouges o f  s t eps  ( 6 4 )  t hr ough ( 6 8 ) has been r ev i e we d  by
• • no
F i e l d ,  Kor os,  and Noyes.  In a d d i t i o n  a l l  o f  t hese steps
are o f  i mp o r t a n c e  in t he mechanism of  the B r a y - L i e b h a f s k y
1 3r e a c t i o n  pr oposed by Sharma and Noyes.  Sharma and 
1 3Noyes have summar i zed t he p e r t i n e n t  r a t e  c o n s t a n t  da t a .  
St ep ( 6 4 )  i s  t he r e v e r s i b l e  h y d r o l y s i s  of  i o d i n e .
3
Ei gen and Ku s t i n  r e p o r t  a f o r wa r d  r a t e  c o n s t a n t  f o r
r e a c t i o n  ( 6 4 )  o f  2 . 1  sec  ̂ and a r e v e r s e  r a t e  c o n s t a n t  
+ T 2 — 2 — 1of  3 . 1  X 10 M sec . Both r a t e  c o n s t a n t s  were r e p o r t e d
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f o r  20°C.  U n f o r t u n a t e l y  no a c t i v a t i o n  par amet er s  f o r
h y d r o l y s i s  have been r e p o r t e d ,  so t he r a t e  c o n s t a n t  va l ues
r e p o r t e d  a t  20°C cannot  be c o r r e c t e d  to t he e x p e r i me n t a l
t e mp e r a t u r e  o f  30°C.  Step ( 6 4 )  t u r ns  out  to be t he e n t r a n c e
i n t o  t he a u t oca  t a l y t i  c p r o d u c t i o n  of  i o d i n e  f o r  the mechanism.
St ep ( 6 8 ) a l s o  t ur ns  out  to be i mp o r t a n t  to t he
a u t o c a t a l y t i c  scheme of  t he mechani sm.  At  low i o d i d e -
-  8ion c o n c e n t r a t i o n  ( < 1 0  M) i t  i s t he r a t e  l i m i t i n g  st ep  
of  t he Dushman R e a c t i o n .  Si nce st ep ( 6 4 )  i s the on l y  
st ep l e a d i n g  t o t he  p r o d u c t i o n  o f  i o d i d e ,  and i t s  e q u i ­
l i b r i u m  c o n s t a n t  i s  s m a l l ,  t he  i o d i d e  c o n c e n t r a t i o n  
e x i s t i n g  d u r i n g  t h e  course of  r e a c t i o n  ( 1 ) i s smal l  
( < 1 0 ”  ̂ M) .  We a s s i g n  t he r a t e  c o n s t a n t s  r e p o r t e d  by 
F u r u i c h i  and L i e b h a f s k y  to s t ep ( 6 8 ) .  T h e i r  va l ues  f o r  
kçg and k a r e  1 . 4 3  x 10^ sec"^ and 7 . 5 3  x 10^
sec"^ r e s p e c t i v e l y  a t  25° C.  We choose t h e i r  va l ues  as 
opposed to t hose  o f  Abel  and H i l f e r d i n g  s i nc e  t h e i r s  were  
de t e r mi ne d  most  r e c e n t l y .  Both wo r k e r s '  va l ues  f o r  kgg
1 3d i f f e r  by l e s s  t han a f a c t o r  of  t h r e e .  Sharma and Noyes 
a l s o  use t he F u r u i c h i  and L i e b h a f s k y  v a l ue s  f o r  kgg and 
k gg in t h e i r  mechani sm of  t he  Bray L i e b h a f s k y  R e a c t i o n .
No v a l u e s  f o r  t he  r a t e  c o n s t a n t s  of  st eps ( 6 5 ) ,  ( 6 6 ) ,  
and ( 6 7 )  have been measured e x p e r i m e n t a l l y . Sharma and
1 o
Noyes have e s t i m a t e d  v a l ue s  f o r  them.  The d e t a i l s  of
1 3t h e i r  e s t i m a t i o n  pr ocesses  a r e  summar i zed e l s e wh e r e .
B r i e f l y ,  i t  i s  ar gued t h a t  t he  r a t e  c o n s t a n t s  f o r  t hese
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o x y i o d i n e  r e a c t i o n s  cannot  be much d i f f e r e n t  f rom t hose  
f o r  t he  ana l ogous  oxybr omi ne cases .  T h e i r  r a t e  c o n s t a n t  
e s t i m a t e s  a r e  somewhat  l a r g e r  than t he va l ues  r e p o r t e d  
f o r  t he c o r r e s p o n d i n g  oxybr omi ne r e a c t i o n s  based on t he  
o b s e r v a t i o n s  t h a t  o x y i o d i n e  compounds are more r e a c t i v e .
The r a t e  c o n s t a n t s  f o r  s t eps  ( 6 5 )  t hr u  ( 67 )  are  summar i zed  
in column ( 2 )  of  T a b l e  ( V I I ) .
Column ( 2 )  o f  t a b l e  ( V I I )  i s  a t a b u l a t i o n  of  r a t e  
c o n s t a n t s  f o r  t he  e l e me n t a r y  pr ocesses  in t he i n i t i a l  
m e c h a n i s t i c  p r o p o s a l .
2.  Numer i ca l  S i m u l a t i o n  o f  Exper i ment s
In o r d e r  t o v a l i d a t e  t he mechani sm,  the system of  11 
s i mu l t a n e ou s  d i f f e r e n t i a l  e q u a t i o n s  r e s u l t i n g  f rom i t  w i l l  
be s o l v e d .  These f i r s t  o r d e r ,  o r d i n a r y  d i f f e r e n t i a l  
e q u a t i o n s  d e s c r i b e  t he  r a t e  o f  change of  c o n c e n t r a t i o n  
f o r  t he  11 chemi ca l  compounds of  t he mechanism.  I f  t he  
mechanism i s  to hol d any c l a i m  to v a l i d i t y  i t  must  r epr oduce  
a l l  e x p e r i m e n t a l  f a c t s  upon nume r i c a l  s o l u t i o n  of  t h i s  
system o f  d i f f e r e n t i a l  e q u a t i o n s .  In the pr ocess of  
numer i ca l  s i m u l a t i o n  an assessment  of  t he r e l a t i v e  i mp or ­
t ance  o f  t he  s t eps  i n t he mechani sm i s made and any 
e l e me n t a r y  pr ocesses  whi ch ar e  un i mp o r t a n t  in d e s c r i b i n g  
e x p e r i me n t  a r e  i d e n t i f i e d .  Rat e  c o n s t a n t s  f o r  s t eps  ( 5 9 )  
t hr ough ( 6 3 )  a r e  e s t i ma t e d  in t he  s i m u l a t i o n  p r o c e s s ,  
whereas t he  r e ma i n i n g  r a t e  c o n s t a n t s  a r e  f i x e d  to t he va l ues  
in column ( 2 )  o f  T a b l e  ( V I I ) .
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TABLE V I I .
Rate constant vaines used in the numerical simulation of the 
experimental results based on the proposed mechanism.
* Units on the rate constants are M sec  ̂where N
is the molecularity of the step in question.
COLUMN 1
rate
constants
57
COLUMN 2
initial rate 
constant values *
-57
58
- 5 8
59
60
61
62
63
64
— 6 4
65
-65
66
—  6 6
67
68
—  6 8
1 .0x10 10
1 .0x10
1.74x10^
1 .0x10^
1 .0x10^
.024 - .028 
5
1 ,0x10 10
3.1x10
2 .0x10
2.1
12
10
1 .44x10 
7. Oxio"^ 
1.67x10 
1 .0x10^ 
1.43x10 
7. 53xl0'
-3
8
COLUMN 3
final rate 
constant values *
1 .0x10 10
1.74x10 
1.0x10^ 
1 . 0 x 1 0 ^
1 .0x10
. 026 
5 1 .0x10 10
6 .0x10^ - 1.0x10^°
1 .0x10^ - 1.0x10^°
7.0x10 
2.1
3.1x10 12
1.43x10
7.53x10
COLUMN 4
temperature
(^C)
30 
30 
30 
30 
30 
30 
30 
30 
30 
20 
20 
25 
25 
25 
25 
25 
25 
25
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a . I o d i n e  e x t r a c t i o n  e x p e r i me n t s
The i n i t i a l  o b j e c t i v e  o f  t he s i m u l a t i o n  c o n s i s t s  of  
r e p r o d u c i n g  t he e x p e r i me n t a l  r a t e  c o n s t a n t  ( k ' = 1 . 05  +
_ 3 _ 2 _ 1
. 07 X 10 M'  s e c '  ) f o r  e x p e r i me n t s  in whi ch i o d i n e  i s  
c o n t i n u o u s l y  e x t r a c t e d  f rom t he r e a c t i o n  medium.  We 
s i mu l a t e d  t he e x t r a c t i o n  e x p e r i me n t s  f i r s t  s i nce  t hey are  
t he l e a s t  c o m p l i c a t e d .  In o r de r  to accompl i sh s i mu l a t i o n  
t he r a t e  c o n s t a n t s  f o r  st eps ( 6 4 )  t hr ough ( 6 8 ) are  
i n i t i a l l y  s e t  to z e r o ,  t hus e l i m i n a t i n g  any path f o r  
a u t o c a t a l y s i s .  A v a l u e  f o r  kgy of  . 026  sec ' ^ g i ves
good f i t  to the e x p e r i me n t a l  d a t a .  Tab l e  ( V I I I )  compares 
the e x p e r i me n t a l  r a t e  c o n s t a n t  w i t h  t he r a t e  c o n s t a n t  
d e r i v e d  f rom n u me r i c a l  s i m u l a t i o n  a t  a number of  i n i t i a l  
c o n d i t i o n s .  Va l ues  chosen f o r  k^Q t hr ough k^g do not  
a f f e c t  t he r a t e  c o n s t a n t s  d e r i v e d  by s i m u l a t i o n  i f  ranged  
between 1 x 10^ M' ^ sec ' ^ and 1 x 10^^ M'^ s e c ' ^ .  T h e r e ­
f o r e ,  as l ong as t he  r a t e  c o n s t a n t s  f o r  st eps ( 60 )  t hr ough
( 6 3 )  ar e  kept  above 1 x 10^ s e c ' ^ ,  s t ep ( 5 9 )  i s r a t e
l i m i t i n g .  The minimum v a l ue s  f o r  k^Q t hr ough k^^
C _  p  _  1
p r o b a b l y  l ess  t han 1 x 10 M~ sec , but  t h i s  s us p i c i on  
was not  v e r i f i e d .
Ne x t ,  v a l u e s  of  t he  r a t e  c o n s t a n t s  f o r  st eps ( 6 6 ) 
and ( 6 7 )  a r e  i n s e r t e d  s i nc e  t he y  may be of  i mpor t ance  
even when i o d i n e  i s  e x t r a c t e d .  The r a t e  c on s t a n t s  f o r  
st eps  ( 6 4 ) ,  ( 6 5 ) ,  and ( 6 8 ) a r e  m a i n t a i n e d  a t  z e r o .  Rates  
now c a l c u l a t e d  a r e  much too f a s t  to s i m u l a t e  t he e x p e r i me n t a l
TABLE V I I I ,
Values of k' calculated by numerical simulation of the iodine extraction experiments. 
The calculated values of k' are based on the final mechanistic proposal. The exper­
imental value for k' is 1,05 ^ ,07 x 10  ̂M  ̂ sec ^.
(Fe(II) )0 (1 0 3“)0 (H+) . k ' X  10^^ M  ̂ sec ^
.0004 M .045 M 1.00 M 1 , 02
.0006 .05 0,75 0.993
. 0006 .045 1 . 0 0 1 , 02
.0007 .05 0.50 0. 928
.0008 .05 1,50 1 . 0 2
.003 .035 1 , 0 0 1 . 0 1
. 003 . 0 2 0 1 , 0 0 1 . 0 0
. 001 .060 0,75 0,992
.025 .015 1 , 0 0 1 . 0 2
.040 . 020 1 , 0 0 1 . 0 2
CTi
CTi
.040 . 0 2 0 1,50 1. 03
.070 .025 0,50 1 . 0 2
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r e s u l t s .  The a c c e l e r a t i o n  a r i s e s  f rom c o mp e t i t i o n  between 
s t eps  ( 6 1 )  and ( 6 6 ) f o r  HOIO.
( 6 1 )  F e ( I I )  + HOIO + ^ H^O + 10 + F e ( I I I )
( 6 6 ) lOg" + HOIO + H"̂   ^ 2 1 0 .  + H.O
In o r d e r  to e l i m i n a t e  t he a c c e l e r a t i o n ,  the r a t e  c o n s t a n t  
f o r  s t ep  ( 6 1 )  must  be se t  t o a t  l e a s t  6 . 0  x 1 0 ^. Thi s  
v a l u e  f o r  e l i m i n a t e s  a l l  c o m p e t i t i o n  f o r  HOIO f rom
s t ep  ( 6 6 ) .  Wi t h s e t  t o 6 . 0  x 1 0  ̂ t he e x pe r i me n t a l
r a t e  c o n s t a n t s  a r e  aga i n  r epr oduc e d  by s i mu l a t i o n  
a c c o r d i n g  to Ta b l e  ( V I I I ) .
I f  t he r a t e  c o n s t a n t s  f o r  s t eps  ( 6 6 ) and ( 6 7 )  a r e  
s e t  t o z e r o ,  nume r i c a l  s i m u l a t i o n  of  our  e x t r a c t i o n  
e x p e r i me n t s  i s  u n a f f e c t e d .  St eps  ( 6 6 ) and ( 67)  are  
un i m p o r t a n t  t o t he mechani sm of  t he  n o n - a u t o c a ta 1 y t i c  
e x p e r i me n t s .  A d d i t i o n a l l y ,  even though and k^y ar e
s e t  t o z e r o ,  v a r i a t i o n  of  k^g*  *^63’ * 6̂4 between
1 X 10^ sec" !  and 1 x 10^°  sec ' ^  s t i l l  does not
a f f e c t  t he compar i son gi ven in T a b l e  ( V I I I ) .
The mechanism de v e l ope d  to d e s c r i b e  t he i o d i n e  
e x t r a c t i o n  runs ( n o n - a u t o c a t a l y t i c  e x p e r i me n t s )  c o n s i s t s  
of  s t eps ( 5 7 )  t h r ough  ( 6 3 )  and s t eps  ( 6 6 ) and ( 6 7 ) ,  
a l t h o u g h  t he  l a t t e r  two s t eps  a r e  un i mp o r t a n t  in s i m u l a t i n g  
e x p e r i m e n t .  Rat e c o n s t a n t s  f o r  t he  s t eps  d e s c r i b i n g  t he  
e x t r a c t i o n  e x p e r i me n t s  a r e  l i s t e d  in column ( 2 )  of  Ta b l e  
( V I I ) .  St eps ( 6 4 ) ,  ( 6 5 ) ,  and ( 6 8 ) a r e  n o n - o p e r a t i v e  
i n runs i n v o l v i n g  i o d i n e  e x t r a c t i o n .
6 8
Numer i ca l  s i m u l a t i o n  of  our  i n i t i a l  me c h a n i s t i c  
pr oposa l  f o r  runs i n v o l v i n g  i o d i n e  e x t r a c t i o n  p r e d i c t s  
a second o r d e r  r a t e  law over  t he e n t i r e  range of  [ ( F e ( I I ) ) /  
(10^ ) ] q cover ed e x p e r 1 men t a  11 y ( e q u a t i o n  ( 7 6 ) ) .
( 7 8 )  -  I g  = k ( F e ( I I ) )  ( I O 3 - )
In e q u a t i o n  ( 7 8 )  k depends on t he  a c i d i t y  of  the r e a c t i o n  
m i x t u r e .  At  hi gh i n i t i a l  a c i d  c o n c e n t r a t i o n s  the r a t e  is  
f i r s t  o r d e r  w i t h  r e s p e c t  t o a c i d .  At  l ower  i n i t i a l  ac i d  
c o n c e n t r a t i o n s  t he  o r d e r  i n a c i d  r i s e s  to h i ghe r  v a l ue s .  
F i g u r e  ( 1 4 )  i s  a p l o t  o f  l og ( k )  ver sus  log ( ( H ^ ) ^ )  
ge n e r a t e d  by s i m u l a t i o n  of  the mechani sm.  At  hi gh a c i d  
c o n c e n t r a t i o n s  ( g r e a t e r  t han 0 . 5  M) t he o r d e r  in hydrogen - 
i on i s  1 . 0  w h i l e  a t  a c i d  c o n c e n t r a t i o n s  bel ow 0 . 5  M t h i s  
o r d e r  appr oaches  1 . 5  down to an a c i d  c o n c e n t r a t i o n  of  
0. 1 M. The dependence o f  r e a c t i o n  r a t e  on ac i d  concen­
t r a t i o n  p r e d i c t e d  by t he  mechani sm p a r a l l e l s  t h a t  found 
e x p e r i me n ta 11 y , even t hough i t  was not  p o s s i b l e  to do 
e x p e r i me n t s  a t  a c i d i t i e s  l e s s  t han 0 . 5 5 6  M.
b. I o d i n e  a c c u mu l a t i o n  e x p e r i me n t s
The second s t a ge  of  nume r i c a l  s i m u l a t i o n  i s  to 
r e pr oduc e  t he e x p e r i m e n t a l  p l o t s  o f  ( F e ( 1 1 ) )  versus t i me  
f o r  e x p e r i me n t s  in whi ch i o d i n e  i s  a l l o we d  to accumul a t e .  
A l l  t he  r a t e  c o n s t a n t s  in col umn ( 2 )  of  Ta b l e  ( V I I )  a r e  
now s u b s t i t u t e d  i n t o  t he d i f f e r e n t i a l  e q u a t i o n ,  no r a t e
( F e d ) ) = .008 M 
.25 M
( F e d )  ) .003 M
.025 M
r 4  - 3 . 6 "
1.4 - 1 . 2 1.0 0. 8 - 0 . 6 - 0.2 0.0 +0 . 2 + 0 . 6+0.4
log C CH )o1
Figure C14) : A plot of log Ck) versus log( (H )o) generated by 
numerical solution of the final mechanistic proposal.
CTi
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c o n s t a n t  be i ng se t  equal  to z e r o .  By dr oppi ng  the r a t e
61c o n s t a n t  f o r  s t ep  ( 63 )  to 7 . 0  x 10^,  but  keepi ng a t
6 . 0  X 10^ M "  ̂ s e c "  ̂ a n d  k ^ ^  a n d  k^^ ^ t  1 x 10^^ w e  a r e
a b l e  to r epr oduc e  the e x p e r i m e n t a l  r e s u l t s .  The s i mu l a t i o n  
i s  pe r f or me d f o r  t h r e e  d i f f e r e n t  ( ( I O ^ " ) / ( F e ( I I ) ) ) ^ .
F i g u r e s  ( 1 5 ) ,  ( 1 6 ) ,  and ( 1 7 )  compare t he n u m e r i c a l l y  
g e n e r a t e d  p l o t s  w i t h  t he c o r r e s p o n d i n g  e x p e r i me n t a l  cases 
A l l  t h r e e  s i m u l a t i o n s  n e a r l y  super i mpose on the e x p e r i ­
ment a l  p l o t s .  The d i s p a r i t i e s  a t  low f e r r o u s - i o n  concen­
t r a t i o n  r e s u l t  f rom i m p r e c i s i o n  o f  t he s pe c t r o ph ot ome t e r  
in mea s ur i ng  low absor bances compared to t he e s s e n t i a l l y  
e x a c t  c o mp u t a t i o n a l  r e s u l t s .  The l o g a r i t h m i c  p l o t s  
a c c e n t u a t e  t he  d i s c r e p a n c y .
V a r i a t i o n  of  k^^ and k^^ bet ween 1 x 1 0  M” sec” 
and 1 x 1 0 ^^ M"^ sec"^ does not  a f f e c t  t he form of  the  
s i m u l a t e d  p l o t s  in f i g u r e s  ( 1 5 ) ,  ( 1 6 ) ,  and ( 1 7 ) .
S e t t i n g  , k ^ ^ , and k^y equal  to zer o a l s o  does 
not  e f f e c t  the plots in f igures ( 1 5 ) ,  ( 1 6 ) ,  and ( 1 7 ) .  These 
t h r e e  s t eps  ar e  of  no i mp o r t a n c e  in t he mechanism f o r  
e i t h e r  t he  a u t o c a t a l y t i c  or  n o n - a u t o c a t a l y t i c  e x pe r i me nt s .
F i n a l l y ,  i f  the r a t e  c o n s t a n t s  f o r  st eps ( 64)  and 
( 6 8 ) a r e  s e t  to zer o t he r e s u l t s  of  t he e x t r a c t i o n  
e x p e r i me n t s  a r e  s t i l l  r epr oduced by numer i ca l  s i m u l a t i o n  
as in T a b l e  ( V I I I ) .
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Figure (15) : Comparison of the experimental (Fe(II)) versus time
data to that generated numerically under identical initial cond-
, oitions. Temperature = 30.0 ^ 0.2 C, ionic strength = 1.5.
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Figure (16) ': Comparison of the experimental (Fe(II)) versus time
data to that generated numerically under identical initial conditions
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Figure (17) : Comparison of the experimental
(Fe(II)) versus time data to that generated 
numerically under identical initial conditions.
Temperature = 30.0 - 0.2 C, ionic strength = 1.5.
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3. F i n a l  M e c h a n i s t i c  Pr oposal
The r a t e  c o n s t a n t s  whi ch r epr oduc e  a l l  the e x p e r i ­
ment a l  da t a  f o r  t he  i o d i n e  e x t r a c t i o n  exper i ment s  as we l l  
as t he  i o d i n e  a c c u mu l a t i o n  e x p e r i me n t s  a r e  summarized in 
col umn ( 3 )  of  Ta b l e  ( V I I ) .  I t  must  be kept  in mind t h a t  
t he r a t e  c o n s t a n t s  f o r  s t eps  ( 6 4 )  and ( 6 8 ) are f o r  20°C 
and 25°C r e s p e c t i v e l y ,  and not  the e x p e r i me n t a l  c o n d i t i o n s  
of  30°C.  N e v e r t h e l e s s ,  t he  mechanism as devel oped to 
t h i s  p o i n t  e x p l a i n s  e x p e r i m e n t ,  a l t h o u g h  k -̂j and k^^ 
w i l l  change s l i g h t l y  when c o r r e c t  v a l ue s  f o r  k ^ ^ , k _ ^ ^ , 
kgg,  and k _ a r e  used i n t he s i m u l a t i o n .
The f o l l o w i n g  sequence of  s t eps  d e s c r i b e  e x pe r i me nt :
( 5 7 )  + I O3 '  \  HI O3
( 5 8 )  HI O3 + H'  ̂ - ^
( 5 9 )  Hg'^103 + F e ( I I )   ^ lOg + HgO + F e ( I I I )
( 6 0 )  lOg + F e ( I I )  + ^ HOIO + F e ( I I I )
( 6 1 )  HOIO + F e ( I I )  +  ̂ 10 + F e ( I I I )  + H^O
( 6 2 )  10 + F e ( I I )  + H  ̂ ---------^ HOI + F e ( I I I )
( 6 3 )  HOI + F e ( I I )  + H' -̂-------------^ %Ig + HgO + F e ( I I I )
( 6 4 )  I g + HgO HOI + I '  + H"̂
( 6 8 ) 1 0 , "  + I "  + 2H'*' ^ HOIO + HOIo \
where each s t ep i s  g i ven t he  same l a b e l  as i t  had in the
f i r s t  m e c h a n i s t i c  p r o p o s a l .  Pr ocesses  ( 6 5 ) ,  ( 6 6 ) ,  and
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( 6 7 )  have been e l i m i n a t e d  in t he f i n a l  v e r s i o n  of  the  
mechani  sm.
St eps ( 5 7 )  t hr ough ( 6 3 )  cor r espond to t he mechanism 
of  r e a c t i o n  when a u t o c a t a l y s i s  i s suppressed ( i o d i n e  
e x t r a c t i o n ) .  The sum of  s t eps ( 5 7 )  t hr ough ( 63)  gi ves  
to o v e r a l l  s t o i c h i o m e t r y  o f  r e a c t i o n  ( 1 ) .
Pr ocess  ( 6 4 )  i s  t he e n t r a n c e  i n t o  the a u t o c a t a l y i c  
sequence o f  t he mechani sm.  I o d i n e  produced by the non-  
a u t o c a t a l y t i c  scheme ( s t e ps  ( 5 7 )  t hr ough ( 6 3 ) )  i s  
h y d r o l y z e d  by s t ep  ( 6 4 )  i n t o  I o d i d e - i o n  and hypoi odous  
a c i d .  I o d i d e  formed by st ep ( 6 4 )  then r e a c t s  w i t h  i o d a t e  
to pr oduce i odous a c i d  and more hypoi odous a c i d .  Hypo­
i odous a c i d  and i odous ac i d  ge n e r a t e d  by st eps ( 64)  and
( 6 8 ) r e a c t s  w i t h  more F e ( I I )  in st eps ( 61 )  and ( 63)  to 
pr oduce more i o d i n e .  The ne t  r e s u l t  of  a u t o c a t a l y s i s  is 
t he  p r o d u c t i o n  o f  3 / 2  mole of  i o d i n e  mol ecu 1 es f o r  ever y  
mol e o f  i o d i n e  mol e c u l e s  e n t e r i n g  t he a u t o c a t a l y s i s  scheme 
i n i t i a t e d  by s t ep ( 6 4 ) .  The s t o i c h i o m e t r y  o f  r e a c t i o n  ( 1 )  
i s  g e n e r a t e d  by t he f o l l o w i n g  combi na t i on  of  st eps when 
a u t o c a t a l y s i s  i s o p e r a t i v e  in t he system:
( 7 9 )  ( ( 6 1 )  + ( 6 2 )  + 3 ( 6 3 )  + ( 6 4 )  + ( 6 8 ) )
where t he  p a r e n t h e s i z e d  numbers r e f e r  to st eps of  the
f i n a l  mechani sm.
T a b l e  ( I X )  l i s t s  the ranges of  c o n c e n t r a t i o n  of  t he  
v a r i o u s  o x y i o d i n e  i n t e r m e d i a t e s  d u r i n g  r e a c t i on s  in whi ch  
i o d i n e  a c c u mu l a t e s .  These c o n c e n t r a t i o n  r anges ar e  t hose
TABLE IX. 76
Concentration ranges of intermediate species calculated by
numerical solution of the final mechanistic proposal.
+ °Temperature = 30.0 - 0.2 C, ionic strength = 1.5. Calculated 
values are for iodine accumulation experiments.
Run ? 1 Run #2
(Fe(II))o = .0808 M
(10^ ) o = . 0137 M
+ .(H )o = 1.00 M
2 '
(Fe(II))o = .00028 M
(IO3 )o = .0583 M 
+
( 1.^)0 =  0 . 0 0  M
(H )o = 1.00 M 
2(I^)o = 0.00 M
CONCENTRATION RANGE M
SPECIES RUN 1 RUN 2
^2 1.56x10“  ̂ - 6.40xlo”^ 4.69xl0“® - 2.08xl0“®
HIO3 8.30x10“  ̂ - 6.77x10“^ 4.58x10“  ̂ - 4.57x10“
H^iOa 8.30x10“"̂ - 6 .77x10'^ 4.58x10”® - 4.57xl0“®
102 2.16x10“^^ -16-1.76x10 3.18x10“^^ - 1.78x10“®°
HOIO -127.33x10 -3.22x10"^^ 4.16x10“®® - 9.10x10“®
10 4.40x10“^^ -15-1.93x10 2.45x10“®^ - 5.46x10“®®
HOI 1.39x10“  ̂ - 1 .55x10“® 4.62xl0“® - 3.81x10“®
1“ 7.60x10“  ̂ - 2 . 80xl0“® 6.86x10“®° - 3.02x10“®®
77
when r e a c t i o n  i s  between 20% and 80% compl et e .  E n t r i e s  
of  t he T a b l e  a r e  d e r i v e d  by nume r i c a l  s o l u t i o n  o f  the  
f i n a l  mechanism us i ng t he r a t e  c o n s t a n t s  l i s t e d  in 
column ( 3 ) 0 f  T a b l e  ( V I I ) .  C o n c e n t r a t i o n  ranges are  l i s t e d  
f o r  two s i m u l a t e d  runs a t  d i f f e r e n t  ( ( Fe ( I  I ) ) / ( I O 3 " ) ) ^ , 
t he v a l u e  208 be i ng  an upper  bound to the e x p e r i me n t a l  
range o f  ( ( F e ( I I ) ) / (  I O3 ")  )  ̂ and 0 . 1 7  a l ower  bound to 
t h a t  same r a n g e .  Both s i mu l a t e d  runs ar e  f o r  an i n i t i a l  
a c i d  c o n c e n t r a t i o n  o f  1 . 0  M. At  any gi ven t i me dur i ng  
t he cour se  o f  runs i n whi ch i o d i n e  accumul at es  t he con­
c e n t r a t i o n  o f  t he r e s p e c t i v e  o x y i o d i n e  i n t e r m e d i a t e s  w i l l  
f a l l  w i t h i n  t he r anges g i ven in Ta b l e  ( I X ) .
Ta b l e  ( X)  i s  s t r i c t l y  anal ogous to Tab l e  ( I X )  w i t h  
t he e x c e p t i o n  t h a t  t he c o n c e n t r a t i o n  ranges now l i s t e d  
a r e  f o r  runs i n whi ch i o d i n e  i s  e x t r a c t e d  f rom the r e a c t i o n  
m i x t u r e .  In a r r i v i n g  a t  t he v a l ue s  of  Ta b l e  (X)  by 
n u me r i c a l  s o l u t i o n  o f  t he  f i n a l  m e c h a n i s m , a n d  k^g 
ar e  s e t  to z e r o  i n o r d e r  to e l i m i n a t e  a u t o c a t a l y s i s .
T a b l e  ( I X )  shows t h a t  t he c o n c e n t r a t i o n  of  i o d i d e  
i s  a l ways  l e s s  t han 10  ̂ M f o r  runs in which i o d i n e  i s  
a l l o we d  to a c c u mu l a t e .  Th i s  low v a l u e  f o r  t he i o d i d e  
c o n c e n t r a t i o n  i s  r e a s o n a b l e  s i nc e  t he  on l y  source of  
i o d i d e  i s  s t ep  ( 6 4 )  ( i o d i n e  h y d r o l y s i s )  whi ch has an 
e x t r e m e l y  smal l  e q u i l i b r i u m  c o n s t a n t .  Any i o d i d e  
produced by h y d r o l y s i s  i s  r a p i d l y  scavenged by i o d a t e  
in s t ep  ( 6 8 ) r e s u l t i n g  in low i o d i d e  s t eady  s t a t e
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Concentration ranges of intermediate species calculated by 
numerical solution of the final mechanistic proposal. 
Calculated values are for iodine extraction experiments. 
Temperature = 30.0 - 0.2 C, ionic strenath = 1.5.
Run # 1 Run #2
(Fe (II))  ̂ = . 0808 M 
'3d o ,  ) o = • 0137 M
(Fe(II))o = . 00028 M
(10, )o = .0583 M
.+(H )„ = 1.00 M (H" )̂ o = 1 . 0 0  M
SPECIES
CONCENTRATION RANGE M
RUN 1 RUN 2
HIO 8.06x10  ̂ - 3.97x10 ^ 4.58x10  ̂ - 4.57x10 ^
H + I O 3 8.06x10 ^ -  3.97x10 4.58x10  ̂ - 4.57x10 ^
^ ° 2
H O IO
2.10x10 1.03x10
3.49x10 1.72x10
- 1 4  “102.97x10 - 2.03x1-
3.46x10 1.04x10 ^
10 2.10x10 1.03x10 “ 14 — 112.08x10 - 6.25x10
HOI 2.99x10 1.48x10 2.97x10  ̂ - 4.46x10 ^
1.85x10 8.42x10 —2 0 —171.83x10 1.17x10
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c o n c e n t r a t i o n s .  These low i o d i d e  c o n c e n t r a t i o n s  cor respond  
t o t hose  of  F u r u i c h i  and L i e b h a f s k y ^  in t h e i r  i n v e s t i g a ­
t i o n  of  t he Dushman R e a c t i o n .
The c o n c e n t r a t i o n  of  i o d i d e  i s al ways n e a r l y  zero  
f o r  k i n e t i c  runs in whi ch i o d i n e  i s c o n t i n u o u s l y  e x t r a c t e d  
f rom t he r e a c t i o n  medium,  s i nc e  t he onl y  maj or  source of  
i o d i d e  i s  i o d i n e  h y d r o l y s i s .
Cl ose  e x a mi n a t i o n  of  t he  r e s u l t s  of  numer i ca l  
s o l u t i o n  o f  t he  d i f f e r e n t i a l  equat i ons  r e s u l t i n g  f rom the  
f i n a l  mechani sm i n d i c a t e  t h a t  s t eps  ( 5 7 ) ,  ( 5 8 ) ,  and ( 64)  
a r e  a l l  near  e q u i l i b r i u m .  These numer i ca l  s o l u t i o n s  a l so  
show t h a t  s t ep  ( 6 8 ) i s e s s e n t i a l l y  i r r e v e r s i b l e .
4.  Nume r i c a l  S i mu l a t i o n  o f  t he I n i t i a l  Rate Exper i ment s
As a f i n a l  check on t he  v a l i d i t y  of  the mechanism 
t he  i n i t i a l  r a t e  s t u d i e s  were n u m e r i c a l l y  s i mu l a t e d .  The 
p r o c e d u r e  f o r  a n a l y z i n g  i n i t i a l  r a t e  dat a ge ne r a t e d  by 
comput er  s i m u l a t i o n  i s i d e n t i c a l  to t h a t  used f o r  the  
e x p e r i m e n t a l  d a t a .  S i m u l a t i o n  is per f or med f o r  t he same 
i n i t i a l  c o n d i t i o n s  as t he c or r e s p o n d i n g  e x p e r i me n t s .  I f  
t he  mechani sm i s  p l a u s i b l e  i t  shoul d r epr oduce t he i n i t i a l  
o r d e r s  i n a l l  p r i n c i p a l  r e a c t a n t  s p e c i e s ,  both when i o d i n e  i s 
i n i t i a l l y  p r e s e n t  i n the r e a c t i o n  medium as we l l  as when 
i t  i s not .
T a b l e  ( X I )  l i s t s  t he i n i t i a l  or de r s  ge ne r a t e d  by 
s i m u l a t i o n  f o r  F e ( I I ) ,  10^ , and H . Th i s  t a b l e  a l so
80
makes a compar i son between t he i n i t i a l  o r de r s  p r e d i c t e d  
f rom numer i ca l  s o l u t i o n  of  t he mechani sm and t he e x p e r i ­
me nt a l  i n i t i a l  o r d e r s .  For  a l l  t h r e e  r e a c t a n t s  agreement  
bet ween s i m u l a t i o n  and e x p e r i me n t  i s  good.  An i n i t i a l  
o r d e r  of  1 . 1 0  *02 in F e ( I I )  agr ees  we l l  w i t h  t he va l ue
1 . 1 5  + . 0 2  f ound e x p e r i m e n t a l l y . P r e d i c t i o n  of  t h i s  non­
i n t e g r a l  o r d e r  g r e a t e r  than one i s e x c e l l e n t  ev i dence  in 
f a v o r  of  t he f i n a l  me c h a n i s t i c  p r o p o s a l .
The i n i t i a l  i o d i n e  dependence is a l s o  r epr oduced wel l  
by s i m u l a t i o n  o f  the mechanism.  F i g u r e  ( 1 8 )  i s  a l o g - l o g  
p l o t  of  t he  i n i t i a l  i o d i n e  dependence p r e d i c t e d  by the  
mechani sm.  Th i s  p l o t  has a d e f i n i t e  c u r v a t u r e  to i t ,  but  
an i n i t i a l  o r d e r  in i o d i n e  o f  between 0 . 1 4  and 0 . 1 9  can 
be e s t i m a t e d  f rom i t .  Thi s  range o f  va l ues  encompasses  
t he  e x p e r i m e n t a l  i n i t i a l  o r d e r  i n i o d i n e  of  0 . 1 5  + . 02 .
The mechani sm c o r r e c t l y  p r e d i c t s  an a c c e l e r a t i o n  of  
i n i t i a l  r a t e  by added i o d i n e .  T a b l e  ( X I )  compares the  
e x p e r i m e n t a l  and s i mu l a t e d  i n i t i a l  i o d i n e  o r d e r s .
E x p e r i me n t a l  1 y t he i n i t i a l  or de r s  in both i o d a t e  and 
f e r r o u s - i  on de c r e a s e  when i o d i n e  is p r e s e n t  i n i t i a l l y  in 
t h e  r e a c t i o n  medium as opposed to when i t  i s not .  Numer­
i c a l  s i m u l a t i o n  s u c c e s s f u l l y  p r e d i c t s  t h i s  drop in i n i t i a l  
o r d e r  f o r  t he s e  two s pe c i e s .  The r e s u l t s  of  t hese  
s i m u l a t i o n s  a r e  g i ven in Tab l e  ( X I ) .  Al t hough t he drop 
i n o r d e r  i s  not  q u a n t i t a t i v e l y  p r e d i c t e d  by t he mechani sm,  
t he  l o w e r i n g  t r e n d  i s  s t i l l  p r e s e n t .
TABLE X I .
Comparison of initial orders generated by experiment and numerical simulation. No error
, o
estimates have been made for some of these orders. Temperature = 30 . 0  *  0 . 4  c,  ionic 
strength = 1.5.
PEACTANT
SPIECES
INITIAL IODINE 
CONCENTRATION M
INITIAL
EXPERIMENTAL
ORDERS
CALCULATED
Fe(II) 0.0 1.15 -  .02 1.10 - .02
Fe(II) 3.0 X 10"^ 0.94 0.68
IO3- 0.0 0.98 i .02 0. 96
-4IO3" 1.5 X 10 0.89 0.75
H+ 0.0 1.00 - .03 1.00
^2 3.0x10"^ - 1.5x10"^ 0.15 - .02 0.16 — .03
00
(Fe(II)) .0727 M
.004128 M
1.00 M
0.16 0.03
I—I
•H
4.03.5 4 . 53.0 5.0
logCCX Î̂-oî-
Figure (18) : A plot of -log (initial rate) versus -log (I^) generated
by numerical solution of the final mechanistic proposal. The slope of 
this plot is the initial order in iodine, d.'
COIM
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Not  on l y  a r e  e x p e r i me n t s  i n v o l v i n g  i o d i n e  e x t r a c t i o n  
and a c c u mu l a t i o n  c o n s i s t e n t  w i t h  the f i n a l  me c h a n i s t i c  
p r o p o s a l ,  but  t he  i n i t i a l  r a t e s  s t u d i e s  are  a l s o  
c o n s i s t e n t  w i t h  i t .
5. Su gg e s t i o ns  f o r  F u r t h e r  Work
I t  i s  i m p o s s i b l e  to pe r f o r m ever y  c o n c e i v a b l e  
e x p e r i me n t  r e l a t i n g  t o the k i n e t i c s  of  process ( 1 ) .  In 
t h i s  i n v e s t i g a t i o n  a v a r i e t y  o f  exper i ment s  c o v e r i ng  a 
broad r ange o f  i n i t i a l  c o n d i t i o n s  have been c a r r i e d  out .  
Si nce  t he  pr oposed mechani sm in i t s  f i n a l  form ( s t e ps  
( 5 7 )  t hr ough ( 6 3 ) ,  ( 6 4 )  and ( 6 8 ) )  r eproduces a l l  t he  
e x p e r i me n t a l  f a c t s ,  i t  i s assumed to be c o r r e c t .  However ,  
t he p o s s i b i l i t y  cannot  be r u l e d  out  t h a t  f u t u r e  e x p e r i ­
ments may d i s p r o v e  i t .
E x p e r i me n t a l  d e t e r m i n a t i o n  of  a or der  in hydrogen  
ion a t  low a c i d i t i e s  f o r  t he e x t r a c t i o n  e x pe r i me nt s  i s  
i m p o r t a n t  in e s t a b l i s h i n g  t he v a l i d i t y  of  the mechanism.
The mechani sm p r e d i c t s  a f i r s t  o r de r  ac i d dependence  
bet ween 0 . 5  M and 1 . 5  M a c i d ,  and a h i ghe r  o r de r  dependence  
bel ow 0 . 5  M. I n t he hi gh a c i d  c o n c e n t r a t i o n  range t he  
mechani sm as f i n a l l y  deve l oped d e s c r i b e s  e x pe r i me nt  
a c c u r a t e l y ,  but  a t  hyd rog en - i on c o n c e n t r a t i o n s  l ess  than  
0 . 5 5 6  M an o r d e r  i n c r e a s e  cannot  be c onf i r med .  At  low
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a c i d i t i e s  the e x p e r i me n t a l  da t a  a r e  i n c o n s i s t e n t ,  pr obabl y  
t he  r e s u l t  of  i n t e r f e r e n c e  f rom f e r r i c  i o d a t e  p r e c i p i t a t i n g  
f rom the r e a c t i o n  medium.  Even t hough i t  i s  r e a s o na b l e  
t h a t  t he o r d e r  in a c i d  shoul d r i s e  to v a l ue s  appr oachi ng  
two a t  low a c i d i t i e s ,  t h i s  r i s e  shoul d be conf i r med  
e x p e r i m e n t a l l y . Low a c i d  s t u d i e s  may be suc c e s s f u l  under  
c o n d i t i o n s  of  l ow i n i t i a l  f e r r o u s - i o n  c o n c e n t r a t i o n  and 
i o d a t e - i o n  c o n c e n t r a t i o n s  ( bo t h  l e s s  than .001 M) .  For  
t hese  i n i t i a l  c o n d i t i o n s  F e ( I I I )  and 10^ w i l l  both e x i s t  
in low c o n c e n t r a t i o n  i n ^ h e  r e a c t i o n  m i x t u r e ,  and t h e r e f o r e  
f o r m a t i o n  o f  f e r r i c  i o d a t e  w i l l  not  be f a v o r e d .
For  runs i n whi ch i o d i n e  i s  c o n t i n u o u s l y  e x t r a c t e d  
f rom t he  r e a c t i o n  medium,  t he r a t e  of  o x i d a t i o n  o f  
( F e ( 1 1 ) ) i s  g i v e n  by e q u a t i o n  ( 5 5 ) .  No r a t e  law i s  r e por t e d  
f o r  runs i n v o l v i n g  i o d i n e  a c c u mu l a t i o n .  T h e o r e t i c a l l y  
i t  i s  p o s s i b l e  to d e r i v e  a ge n e r a l  r a t e  law f rom any 
mechani sm by i n v o k i n g  t he s t ea dy  s t a t e  and e q u i l i b r i u m  
a p p r o x i m a t i o n s .  In p r a c t i c e  such a t e chn i que  i s d i f f i c u l t  
f o r  compl ex mechani sms such as t h a t  proposed f o r  r e a c t i o n  
( 1 ) .  A g e n e r a l  r a t e  law woul d ser ve  as a c on v e n i e n t  
summary of  e x p e r i m e n t ,  and a l l  e x p e r i me n t a l  o b s e r v a t i o n s  
shoul d be d e r i v a b l e  f rom i t .
An o t h e r  f u t u r e  e x pe r i me n t  of  i n t e r e s t  i s r e s i m u l a t i o n  
o f  t he  e x p e r i m e n t a l  dat a  when a c c u r a t e  r a t e  c o n s t a n t  
v a l u e s  a r e  known f o r  st eps ( 6 4 )  and ( 6 8 ) .  Both t hese  
r a t e  c o n s t a n t s  a r e  in e r r o r  f o r  r easons gi ven in the
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d i s c u s s i o n  s e c t i o n  of  t h i s  a c c o u n t .  When a c c u r a t e  va l ues  
f o r  t hese  par amet er s  a r e  d e t e r m i n e d ,  r e s i m u l a t i o n  w i l l  
g i v e  a c o r r e c t  v a l u e  for  t he  r a t e  c o n s t a n t  of  s t ep ( 63 )  
as we l l  as an a c c u r a t e  l owe r  bound f o r  t he v a l ue  of  .D 1
Both of  t hese  r a t e  c o n s t a n t s  were e v a l u a t e d  dur i ng  computer  
s i m u l a t i o n  o f  t h e  r a t e  d a t a .
CHAPTER IV 
SUMMARY
The k i n e t i c s  of  t he  o x i d a t i o n  o f  f e r r o u s - i o n  by 
i o d a t e - i o n  in s t r o n g  p e r c h l o r i c  a c i d  medi a has been 
i n v e s t i g a t e d .  The s t udy  was pe r f or me d a t  a t e mp e r a t u r e  
of  3 0 . 0  0. 2 °C and an i o n i c  s t r e n g t h  of  1 . 5  M. We agr ee
wi t h  p r e v i o u s  i n v e s t i g a t o r s  t h a t  t he  r e a c t i o n  i s a u t o ­
c a t a l y t i c  in t he p r o d u c t i o n  of  i o d i n e .  The f o l l o w i n g  
r a t e  l aw d e s c r i b e s  e x p e r i me n t s  in whi ch i o d i n e  i s  con­
t i n u o u s l y  e x t r a c t e d  f rom t he  r e a c t i o n  medium:
( 5 5 )  -  yq = k'  ( F e d D )  ( l O g ' )  (H" )̂
where k ' has t he v a l u e  1 . 0 5  + . 07  x 10"^ s e c " ^ . The
f i r s t  o r d e r  dependence of  t he  r a t e  on f e r r o u s - i o n  concen­
t r a t i o n  i s  in d i s a g r e e me n t  w i t h  o t h e r  i n v e s t i g a t o r s  who 
c l a i m t h e  r a t e  does not  depend upon f e r r o u s - i o n  concen­
t r a t i o n .  Rat e law ( 5 5 ) a p p l i e s  on l y  in the hy dr oge n- i on  
c o n c e n t r a t i o n  range bet ween 0 . 5 5 6  M and 1 . 44  M. At  l ower  
a c i d i t i e s  s i m u l a t i o n  o f  our  proposed mechanism i n d i c a t e s  
t h a t  t he  r e a c t i o n  r a t e  p r o b a b l y  becomes second or de r  in 
a c i d ,  as i s  shown i n e q u a t i o n  ( 5 6 ) .
( 5 5 ) _ I _   ̂  ̂  ̂5 t   ̂ -  = k r a t e  ( F e ( I I ) )  (10^ ) ( ) ^
I n i t i a l  r e a c t i o n  r a t e  i s  d e s c r i b e d  by e qua t i on  ( 4 7 ) .
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Equat i on  ( 47)  hol ds on l y  when no i o d i n e  i s p r e s e n t  in the  
r e a c t i o n  medium i n i t i a l l y .  The i n i t i a l  o r d e r  in i o d i n e  
i s  0 . 1  5 ±  . 0 2 . When i o d i n e  i s  i n i t i a l l y  p r e s e n t  in the  
r e a c t i o n  m i x t u r e  t he  o r de r s  in f e r r o u s - i o n  and i o d a t e  
drop s i g n i f i c a n t l y  bel ow t he o r d e r s  f ound in t he absence  
of  an i n i t i a l  i o d i n e  c o n c e n t r a t i o n .
Equa t i ons  ( 5 5 )  t hr ough ( 6 1 )  and e q u a t i o n s  ( 6 2 )  and 
( 6 6 ) a r e  pr oposed as s t eps  in t he mechani sm e x p l a i n i n g  
t he  k i n e t i c s  of  r e a c t i o n  ( 1 ) .  Wi t h t he v a l u e s  f o r  r a t e  
c o n s t a n t s  l i s t e d  i n column ( 3 )  of  Ta b l e  ( V I I ) ,  computer  
s i m u l a t i o n  o f  t he proposed mechani sm r e pr oduces  t he  
r e s u l t s  o f  e x p e r i me n t .  No ge ne r a l  r a t e  l aw d e s c r i b i n g  
t he  r a t e  o f  o x i d a t i o n  i s  pr oposed.
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